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Abstract 
 
The effects of molybdenum on phase transformation, and clustering and 
precipitation behaviour, have been investigated in low-carbon niobium-
containing strip-cast steels. All steels in this work were produced by a strip 
casting simulator in which the casting geometry, solidification and thermal 
history of the plant can be recreated. In order to simulate the subsequent coiling 
treatments in the austenite, during austenite decomposition and in the ferrite, 
three heat treatments were conducted correspondingly in a muffle furnace, at 
900, 700 and 650°C for various times. Mechanical properties were measured using 
Vickers hardness, shear punch and nano-hardness testings. Microstructural 
characterisation was performed using a variety of microscopy techniques, 
including optical microscopy, scanning electron microscopy (SEM) (including 
electron backscatter diffraction, EBSD) and transmission electron microscopy 
(TEM). An advanced dilatometer instrument was used to evaluate the phase 
transformations. Precipitation and clustering behaviour were studied using TEM, 
small-angle neutron scattering (SANS) and atom probe tomography (APT).   
The hardness values of both as-cast steels were similar. The as-cast 
microstructure of the Nb and Nb-Mo steels was fully bainitic. TEM and APT 
results show that the as-cast steels were essentially precipitate-free with only a 
small number of clusters identified.  
Shear punch results show a greater increase in strength after 100 s ageing at 
650°C for the Nb-Mo steel than the Nb steel, and further ageing at 650°C resulted 
in a significant drop in strength for both alloys. The aged microstructure of both 
steels was bainitic. APT cluster-finding analysis confirms that after 100 s ageing 
at 650°C, Nb-NbN-Mo-MoN clusters of sizes > 20 atoms, and Nb-NbN clusters 
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between 9-30 atoms, dominated the clustering response in the Nb-Mo and Nb 
steels respectively. The marked increase in strength in the Nb-Mo steel after 100 
s ageing was attributed to the formation of Nb-NbN-Mo-MoN clusters. The drop 
in strength after 10000 s ageing at 650°C for both alloys was due to the static 
recovery of the bainite. 
When coiling at 700°C, peak hardness was achieved for both alloys at 100 s. 
Polygonal ferrite was produced during coiling at 700°C, with bainite formed in 
the remainder of the microstructure. TEM and SANS results show that 
interphase precipitates were formed when coiling time was longer than 100 s. 
After 100 s coiling at 700°C, solute atoms in the Nb steel were roughly 
distributed randomly, while some Mo-Mo clusters were found in the Nb-Mo steel. 
After 10000 s coiling at 700°C, larger interphase precipitates and nano-scale 
clusters co-existed, although the resultant strength was determined to be 
conferred by the combined effects of the ferrite phase and precipitation hardening. 
When coiling at 900°C, the hardness curves for both alloys at 900°C show that 
the peak hardness occurred at 3000 s, and the hardness for the Nb-Mo steel was 
higher than that for the Nb steel. The microstructure of the two alloys was 
bainitic. TEM results show that precipitation occurred when the coiling time 
was longer than 100 s, and the addition of Mo produced finer precipitates. Here, 
the strengthening response is the result of precipitation hardening. 
Dilatometry results show that when cooled at 100, 50 and 10 K/s, bainite was 
formed in the two steels. The Mo lowered the bainite start temperature, but did 
not alter the growth rate. Moreover, the addition of Mo was seen to suppress the 
ferrite transformation rate due to solute drag, and completely inhibit the pearlite 
formation at the lowest cooling rate. This is because the addition of Mo slowed 
the ferrite formation, decreased the carbon concentration in the retained 
austenite, which resulted in the formation of bainite in preference to pearlite. 
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Experimental results and thermodynamic analysis show that the clusters and 
precipitates in the Nb-Mo steel had faster precipitation kinetics and slower 
growth rates after heat treatments at 650, 700 and 900°C. Therefore, the Nb-Mo 
steel had a stronger cluster and precipitate hardening effect than the Nb steel. 
Shearing was the dominant mechanism of precipitation hardening for the lower 
coiling temperatures of 650 and 700°C, while dislocation bowing was the 
dominant hardening mechanism when coiling at 900°C. 
To conclude, Mo has a negligible effect on the as-cast microstructure developed 
during direct strip casting. However, during ageing and coiling treatments of 
strip cast steels, Mo was found to completely inhibit pearlite transformation, and 
to slow ferrite and bainite transformations. Additionally, Mo was shown to 
promote faster precipitation kinetics and to refine the precipitate size, resulting 
in a greater precipitation hardening effect. Therefore, this study suggests that 
adding only a small amount of Mo can assist strip cast steels to achieve a much 
better mechanical performance by obtaining harder phases and greater 
precipitation hardening, which is beneficial for the development of new high-
strength low-alloy (HSLA) steels containing Mo, designed specifically for 
production by direct strip casting.  
 
 
 
 
 
 
 IV 
 
Acknowledgments  
 
This PhD research project would never have been completed without the help 
and support from my supervisors. Firstly, I would like to express my sincere 
gratitude to my supervisor Professor Dr. Peter Hodgson for his consistent 
support, encouragement and valuable personal advices I received during the 
course of this PhD work. Secondly, I am indebted to my supervisor Associate 
Professor Dr. Nicole Stanford who offered me the great chance to pursue 
my PhD in Deakin University, gave me the tremendous guidance and support, 
proof read my thesis and many valuable advices. I also would like to give many 
thanks to my associate supervisors: Dr. Ross Marceau and Dr. Thomas 
Dorin. Thank you to Ross and Thomas for their great encouragement and 
support on my daily research work and late night proof reading for my thesis. I 
am so lucky to have a so great supervisory team.  
I would like to thank all the academic, technical and administrative staff in IFM. 
Particularly, I appreciate and thank Dr. Maggie (Huaying Yin) for the TEM 
and APT help, thank Rosey Van Driel for the TEM training and support, 
thank Dr. Tingting Guo and Mohan Setty for the nano-indentation help. 
Big Thanks to Dr. Qi Chao for his help for EBSD and sharing ideas. I am also 
grateful to Dr. Jiangting Wang and Dr. Ilana Timokhina for sharing their 
experience and many fruitful discussions. My sincere gratitude also to Dr. 
Andrew Sullivan, Steve Atkinson, Darlene Barnett, John Owens, John 
Vella, Rob Pow and John Robin and many other staff in our IFM, for making 
it a wonderful and safe place to study and work. 
 V 
 
I also thank all the staff and students in our strip casting group, Dr. Adam 
Taylor, Dr. Mahendra Ramajayam and Jerome Cornu. Thank you to 
these guys for the kind help, encouragement and many happy beer time.  
I would like to make many thanks to Dr. Katy Wood in Australian Nuclear 
Science and Technology Organisation (ANSTO) for the kind help with the SANS 
experiment and data analysis. I also owe my appreciation to Professor Xinjun 
Sun and Professor Qilong Yong in Central Iron and Steel Research Institute 
(CISRI) for the guidance and advice for the precipitation modelling. 
Personally, I would like to thank my family and friends for supporting me 
throughout the years. Thanks to my “very clever” and the best friend Dongyu 
for his long time and boring encouragement. I also would like to give my thanks 
to some very good friends, Stella Groves, Shitong, Guangzhao, Jiang He and 
Yanbo for their great support. Very importantly, Special thanks must go to my 
dear Mum, and my little sister for their on-going, unconditional love.  
 
 
 
 
 
 
 
 
 VI 
 
Contents 
Abstract .................................................................................................... I 
Acknowledgments ................................................................................. IV 
Contents ................................................................................................. VI 
Chapter 1 Introduction ........................................................................... 1 
Chapter 2 Literature Review.................................................................. 3 
2.1 Introduction ...................................................................................................... 3 
2.2 Phase transformation ....................................................................................... 3 
2.2.1 Phase diagram of Fe-C system ........................................................ 4 
2.2.2 Ferritic transformation .................................................................... 5 
2.2.3 Pearlite transformation ................................................................... 9 
2.2.4 Bainitic transformation ................................................................. 11 
2.2.5 Martensitic transformation............................................................ 14 
2.2.6 The role of Mo in phase transformations ...................................... 15 
2.3 Direct strip casting ......................................................................................... 19 
2.3.1 Direct strip casting process ........................................................... 19 
2.3.2 Microstructures ............................................................................. 20 
2.3.3 Mechanical properties ................................................................... 23 
2.3.4 Secondary processes (direct cooling and coiling) of strip cast steels
 ............................................................................................................... 24 
2.4 Precipitation and clustering in steels ........................................................... 26 
2.4.1 Introduction .................................................................................. 26 
2.4.2 Terminology .................................................................................. 27 
2.4.3 Precipitation in austenite .............................................................. 27 
2.4.4 Interphase precipitation ................................................................ 28 
2.4.5 Precipitation from super-saturated ferrite .................................... 31 
2.4.6 Effect of Mo on precipitation behaviour ....................................... 32 
2.4.7 Precipitation hardening mechanism .............................................. 34 
2.5 Summary and scope ....................................................................................... 37 
 VII 
 
Chapter 3 Experimental Methods ....................................................... 40 
3.1 Introduction ..................................................................................................... 40 
3.2 Material............................................................................................................ 40 
3.3 Processing of the steels .................................................................................. 41 
3.3.1 Casting .......................................................................................... 41 
3.3.2 Thermo-Calc calculation ............................................................... 42 
3.3.3 Heat treatment .............................................................................. 43 
3.4 Characterisation and data analysis .............................................................. 44 
3.4.1 Microscopy .................................................................................... 44 
3.4.2 Small-angle neutron scattering ...................................................... 46 
3.4.3 Atom probe tomography ............................................................... 56 
3.4.4 Hardness test ................................................................................. 68 
3.4.5 Shear punch test ............................................................................ 68 
3.4.6 Nano-hardness test ........................................................................ 69 
3.4.7 Dilatometer test ............................................................................ 70 
Chapter 4 Mechanical Properties ........................................................ 72 
4.1 Introduction ..................................................................................................... 72 
4.2 Hardness results .............................................................................................. 72 
4.3 Shear punch results ........................................................................................ 75 
4.4 Summary and conclusions ............................................................................. 76 
Chapter 5 Microstructural Analysis ................................................... 78 
5.1 Introduction ..................................................................................................... 78 
5.2 Microstructural characterisation ................................................................... 78 
5.2.1 As-cast microstructure .................................................................. 78 
5.2.2 Microstructure after ageing at 650°C ............................................ 82 
5.2.3 Microstructure after coiling at 700°C ............................................ 84 
5.2.4 Microstructure after coiling at 900°C ............................................ 88 
5.3 Summary of microstructural observations in the Nb and Nb-Mo steels .. 90 
5.4 Kinetics and morphologies of austenite decomposition .............................. 91 
5.5 Summary .......................................................................................................... 95 
 VIII 
 
Chapter 6 Precipitation and Clustering Behaviour ........................... 97 
6.1 Introduction .................................................................................................... 97 
6.2 Thermo-Calc prediction ................................................................................. 97 
6.3 Precipitation after ageing at 650°C .............................................................. 98 
6.3.1 TEM results .................................................................................. 98 
6.3.2 SANS results ............................................................................... 102 
6.3.3 APT results ................................................................................. 105 
6.4. Precipitation after coiling at 700°C .......................................................... 132 
6.4.1 TEM results ................................................................................ 132 
6.4.2 SANS results ............................................................................... 135 
6.4.3 APT results ................................................................................. 139 
6.5 Precipitation after coiling at 900°C ........................................................... 155 
6.5.1 TEM results ................................................................................ 155 
6.6 Summary and conclusions ........................................................................... 162 
Chapter 7  Discussion .......................................................................... 164 
7.1 Effect of Mo on the phase transformation ................................................ 164 
7.2 Effect of Mo on precipitation and clustering in the as-cast condition ... 170 
7.3 Effect of Mo on precipitation and clustering  behaviour after ageing at 
650°C .................................................................................................................... 171 
7.3.1 Volume fraction and size ............................................................. 171 
7.3.2 Chemistry .................................................................................... 175 
7.3.3 The effect of Mo on the thermodynamics of precipitation in the 
ferrite ................................................................................................... 178 
7.3.4 The effect of Mo on the kinetics of precipitation in ferrite ......... 182 
7.4 Effect of Mo on precipitation and clustering behaviour after coiling at 
700°C .................................................................................................................... 185 
7.5 Effect of Mo on precipitation behaviour after coiling at 900°C .............. 188 
7.5.1 The effect of Mo on the thermodynamics and kinetics of 
precipitation in austenite ..................................................................... 189 
7.6 Correlation between APT and SANS ........................................................ 192 
7.6.1  Volume fraction comparison ...................................................... 196 
 IX 
 
7.6.2  Size distribution comparison ...................................................... 198 
7.7 Correlation of microstructure to mechanical properties .......................... 200 
7.7.1 Ageing at 650°C .......................................................................... 200 
7.7.2 Coiling at 700°C .......................................................................... 206 
7.7.3 Coiling at 900°C .......................................................................... 213 
7.8 Conclusions .................................................................................................... 215 
Chapter 8  Summary and Conclusions ............................................. 219 
8.1 Effect of Mo on microstructural evolution during simulated direct strip 
casting .................................................................................................................. 219 
8.2 Effect of Mo on phase transformation during controlled cooling ............ 220 
8.3 Effect of Mo on clustering and precipitation behaviour .......................... 220 
8.4 Effect of Mo on mechanical properties ....................................................... 222 
8.5 Concluding remarks ...................................................................................... 223 
Bibliography ........................................................................................ 225 
Appendix A  Dilatometry Results ...................................................... 236 
A.1 Dilatation Curves ........................................................................................ 236 
Appendix B  Mass Spectra ................................................................. 240 
B.1 As-cast ........................................................................................................... 240 
B.2 Ageing at 650°C ........................................................................................... 241 
B.3 Coiling at 700°C ........................................................................................... 243 
 
 
 1 
 
 
 
 
 
Chapter 1 Introduction 
 
Nowadays near-net-shape casting technologies have drawn much attention 
among researchers and industry companies. Direct strip casting (DSC) is a 
revolutionary near-net-shape casting technology, which produces thin strips 
directly from the liquid metal [1]. The alloys produced by conventional casting 
processes, such as conventional continuous casting (CCC) and thin slab casting 
(TSC), undergo a series of secondary processing such as hot rolling, in-line coiling 
or annealing to achieve the desired products with satisfactory thickness. In 
contrast, direct strip casting is a contracted casting process. DSC integrates 
casting and subsequent hot rolling together in a single and continuous route with 
rapid solidification and cooling rates. This process not only provides comparable 
mechanical properties of the strip cast metal [1, 2], but also makes it possible to 
save costs by having a smaller plant, and also through energy savings. It has 
been reported that the elimination of almost all of rolling can dramatically reduce 
the overall investment cost using DSC [1, 3]. Also, compared to conventional 
casting process, DSC will use up 90% less energy and reduce greenhouse gas 
emissions by ~ 80 % [1, 3, 4].  
Molybdenum is one of the most important alloying elements in low-alloy carbon 
steels. Most of Mo is used in alloy steel production [5]. Steels containing Mo can 
be heat treated to many excellent properties, such as higher strength and 
toughness, good fatigue resistance and excellent high temperature performance. 
 2 
 
Typical applications include tools, automotive parts and structures. Since the 
first application of Mo in 1891, the role of Mo in steels and its application have 
received much attention. Mo affects the phase transformation, leading to harder 
phases, and Mo also influences precipitation behaviour by refining particle size 
and promoting or retarding precipitation. These lead to good mechanical 
properties of steels containing Mo. 
Despite the extensive investigation on the effect of Mo in steels, its precise role 
in phase transformation and precipitation behaviour is still not well understood. 
Moreover, most studies on the role of Mo in steels are in conventional casting 
conditions, but the effect of Mo in steels produced by strip casting process is yet 
to be explored. Therefore, understanding of effects of Mo on phase 
transformation and precipitation behaviour in low carbon steels produced by 
DSC will contribute fundamental knowledge to the alloy design and steel 
industry for direct strip casting. 
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Chapter 2 Literature Review 
 
2.1 Introduction 
This chapter provides a background and theoretical knowledge for the thesis. It 
is divided into three major sections. The first section is a brief review on phase 
transformation in steels. Since direct strip casting (DSC) is applied to produce 
the steels in this work, the processes (including secondary processes) of direct 
strip casting, and the microstructures and mechanical properties of strip-cast 
steels in previous research, are reviewed in the second section. In the third section, 
the features of precipitation, including precipitation in austenite, and interphase 
and dispersive precipitation from supersaturated ferrite are discussed. 
Additionally, the role of Mo in precipitation and the current understanding of 
precipitation hardening mechanisms are presented. 
 
2.2 Phase transformation 
One reason for the overwhelming dominance of steels as the most successful and 
cost-effective materials is the variety of microstructures and properties that can 
be generated by liquid-to-solid and solid-to-solid phase transformations, such as 
polygonal ferrite, pearlite, bainite and martensite. Therefore, a sound 
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metallurgical understanding of phase transformations in steels is required to 
produce desired microstructures and properties. 
 
2.2.1 Phase diagram of Fe-C system 
A study of the phase transformation in steels should commence from the iron-
carbon (Fe-Fe3C) equilibrium diagram, as shown in Fig. 2.1, because nearly all 
metallurgical and metallographic knowledge of plain carbon and alloy steels is 
based on this system [6].   
 
 
Figure 2.1 The Fe-C equilibrium diagram [7, 8]. 
 
Generally, low carbon steel production begins with the crystallization of 𝛿𝛿-iron 
(body-centred cube, BCC) from liquid phase at around 1500°C. With decreasing 
temperature, 𝛾𝛾-iron, known as austenite (face-centred cube, FCC), nucleates in 
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the 𝛿𝛿 ferrite at approximately 1400°C. The austenite decomposes to 𝛼𝛼 ferrite 
(BCC) when the temperature goes below the A1 (around 900°C) [6]. Here, it is 
worth mentioning that these temperatures will be sensitive to cooling rates and 
the presence of alloying elements. Additionally, austenite transforms to 
equilibrium microstructures, such as, polygonal ferrite and pearlite, under slow 
cooling and higher transformation temperatures [9, 10]. Non-equilibrium 
microstructures, such as acicular ferrite, bainite, Widmanstätten ferrite and 
martensite, can be formed under sufficiently high cooling rates or lower 
isothermal temperatures [9, 11, 12]. A short review of the formation of various 
austenite decomposition products are presented in next sections. 
 
2.2.2 Ferritic transformation 
2.2.2.1 Morphologies 
In low carbon steels (carbon content < 0.25 wt.%), under equilibrium conditions, 
proeutectoid ferrite will be formed between temperatures of 912°C and 727°C. 
However, by increasing the cooling rate, the ferrite transformation is delayed, 
and ferrite can form at temperatures as low as 550°C. This is accompanied by 
morphological changes in the ferrite [8, 13-16].  
Based on extensive metallographic observations on cross-section of proeutectoid 
ferrite grains in isothermally transformed alloy steels, Dubé [17] proposed a 
morphological classification system for ferrite, which was subsequently extended 
by Aaronson [18, 19] to distinguish primary Widmanstätten ferrite (directly 
grows from austenite grain boundaries) and secondary Widmanstätten ferrite 
(nucleates upon and grows from allotriomorphs already formed at austenite grain 
boundaries). Figure 2.2 shows the different morphologies of ferrite.  
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Figure 2.2 (a) & (b) the microstructures of a continuously cooling carbon (0.4C %) 
steel [20], and (c) as-cast strip steel [21]. IGF presents intragranular ferrite, GBA is 
grain boundary allotriomorph, WF is Widmanstätten ferrite and AF presents acicular 
ferrite. 
 
Intragranular ferrite (IGF) 
Intragranular ferrite refers to those equiaxed crystals inside the austenite grains 
with their own crystal structures, not influenced by adjacent grains [13]. 
Intragranular plates or needles are similar to those growing from grain 
boundaries, but they lie entirely within austenite grains [6, 8], as shown in Fig. 
2.2 a. Essentially, all intragranular ferrite grains also nucleate at inclusions, 
illustrated by 3-dimensional analysis [13]. Sometimes, largely equiaxed 
intragranular ferrite in low carbon steels may also be described as “polygonal 
ferrite” [13]. 
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Grain boundary allotriomorphs (GBA) 
Under isothermal conditions at a range of high temperatures or slow cooling 
rates, the 𝛼𝛼/𝛾𝛾 boundary is the preferred nucleation site, so grain boundary 
allotriomorphs are found along austenite grain boundaries at the highest ferritic 
transformation temperature (see Fig. 2.2 a). The GBA’s have a random 
crystallographic orientation with one of the austenite grains, but have a specific 
crystallographic relationship with the other, such as the approximate 
Kurdjumov-Sachs orientation relationship (  (011)𝛼𝛼~//(111)𝛾𝛾 ; [1�1�1]𝛼𝛼~//[1�01]𝛾𝛾)  [6, 13]. Therefore, an allotriomorph has a shape with a crystallographic 
facet on one side, but a curve surface with the other side. Subsequently, 
allotriomorphs grow into the grains with a well-defined crystallographic 
relationship, generally referred to as “equiaxed ferrite” or “polygonal ferrite” [13] . 
 
Widmanstätten ferrite (WF) and acicular ferrite (AF) 
As shown in Fig. 2.2 b, Widmanstätten plates or laths grow into austenite grains 
after either directly nucleating upon grain boundaries or nucleating upon 
allotriomorphs that have been already formed at grain boundaries (at lower 
transformation temperatures). It should be noted that the formation of 
Widmanstätten structure is highly encouraged by a large austenite grain size [6]. 
Sometimes, the confusion of terminology may arise from the requirements of 
descriptive metallography, such as the term “acicular ferrite”. Since acicular 
ferrite has similarities with Widmanstätten ferrite in structural appearance [6, 
22], they are interchanged with each other in some research work [23]. However, 
acicular and Widmanstätten ferrite represent two different ferritic structures. 
The main distinction is based on their nucleation site. As mentioned, 
Widmanstätten ferrite nucleates upon austenite grain boundaries or primary 
Widmanstätten plates. But nucleation of the acicular ferrite occur upon non-
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metallic inclusions, as shown in Fig. 2.2 c, such as MnS, Al2O3 within austenite 
grains at temperatures slightly above bainite phase region [6, 11, 24].  
 
2.2.2.2 Kinetics 
The formation of ferrite is a diffusional transformation which involves the re-
arrangement of the iron and carbon atoms combined with a range of composition 
change [25]. The kinetics of the ferritic transformation can be conveniently 
studied by introducing a transformation-time-temperature (TTT) curve, which 
shows the transformed fraction as a function of temperature and time diagram, 
as shown schematically in Fig. 2.3, which were firstly published by Davenport 
and Bain [26].  
 
 
Figure 2.3 Schematic of: (a) a simplified TTT diagram; (b) a corresponding 
transformed fraction as a function of time and temperature [27].  
 
In principal, the rate of ferritic transformation is controlled by the diffusion of 
alloying elements and the degree of undercooling, ∆T. Close to the eutectoid 
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temperature, the undercooling is low so the driving force for the transformation 
is small. However, as ∆T increases the transformation accelerates until the fastest 
rate is obtained at the “nose” of the curve. Below the nose temperature, although 
the ∆T continues to increase, the reaction is impeded by slow diffusion of the 
rate-controlling elements [6].  
Theoretically, carbon and substitutional alloying elements should redistribute 
during ferritic transformation under thermodynamic equilibrium conditions. 
However, the diffusion of carbon and alloying elements are highly sensitive to 
cooling rates or isothermal temperatures [28, 29]. Under conditions of high 
cooling rate or low isothermal temperature, the diffusion of substitutional 
alloying elements can be limited, permitting the transformation in alloy steels to 
proceed at rates controlled solely by carbon diffusion rather than the more 
sluggish rates dependent on substitutional elements partitioning and diffusion 
[30]. This transformation mode is referred to as para-equilibrium conditions [31]. 
However, low cooling rates or high transformation temperatures make 
substitutional alloying elements able to diffuse between austenite and ferrite to 
maintain the local equilibrium at the interface between the two phases [32]. Thus, 
the transformation proceeds at rates controlled by the movement of 
substitutional alloying elements, such as manganese in carbon steels. 
Consequently, the kinetics of the ferritic transformation are considerably slower 
than that controlled only by carbon diffusion. It has been reported that the 
strong carbonitride forming elements reduce the effective diffusivity of carbon, 
leading to slower transformation kinetics [14].  
 
2.2.3 Pearlite transformation 
Pearlite is the eutectoid product of the austenite decomposition, comprising a 
lamellar structure of ferrite and cementite [6]. The early work done by Mehl and 
 10 
 
co-workers [15] suggests that pearlite nodules are formed at the prior austenite 
grain boundaries. Following the classical work by Mehl [15] and Hillert [16], the 
nucleation of pearlite can be on pre-existing pro-eutectoid ferrite or cementite 
by sideways nucleation, which is dependent on the steel composition. However, 
the work by Dippenaar and Honeycombe [33] indicates that pearlite can nucleate 
on “clean” austenite grain boundaries as well. 
The growth of pearlite has been reported to be a rate-controlled by the diffusion 
of carbon in austenite, and Mehl put forward a growth rate mode which was 
modified by Zener [34]:  
𝐺𝐺 = �∆𝑐𝑐
�𝑐𝑐𝑝𝑝 − 𝑐𝑐𝛾𝛾��
� �𝐷𝐷𝑐𝑐
𝛾𝛾
𝑆𝑆0
� �                                   (2-1) 
where 𝐷𝐷𝑐𝑐
𝛾𝛾 is the diffusion coefficient of carbon in austenite, 𝑐𝑐𝑝𝑝 and 𝑐𝑐𝛾𝛾 are the 
number of solute atoms per unit volume in pearlite and austenite, ∆𝑐𝑐 is the 
difference in the concentration at the interface.  
It is accepted in literature that the partitioning of substitutional alloying 
elements occurs between ferrite and cementite at the interface between austenite 
and pearlite during transformation [25]. This has been clearly supported by Tu’s 
APT work [35], as shown in Fig. 2.4. Cahn and Hagel [29, 36] observed that the 
pearlite growth rate reduced due to the partition of the substitutional alloying 
elements. For strong carbide forming elements, such as Mo, they are likely to be 
partitioned into the cementite [25].  
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Figure 2.4 3D APT reconstruction of pearlite containing 𝛼𝛼-Fe and cementite 𝜃𝜃 
layers are displayed in (a) a low Si steel  (SWRS87B) and (b) a high Si steel 
(SWRS87BM); (c) The elemental concentration profiles across the 𝛼𝛼 -Fe/𝜃𝜃 
interface of the pearlitic steels [35].  
 
2.2.4 Bainitic transformation 
2.2.4.1 Morphology 
Bainite is an aggregate structure of thin ferrite plates or laths and cementite 
precipitates, formed in a wide range of temperatures (between ~ 250-550°C) 
which is above the martensite field and below the pearlite region [30]. Two main 
variants of bainite have been identified, as shown in Fig. 2.5: upper bainite 
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formed at higher temperatures (~ 550-400°C) and lower bainite formed at lower 
temperatures (~ 400-250°C) [37].   
 
 
Figure 2.5 Schematic of upper and lower bainite microstructures [31]. 
 
 
Both upper bainite and lower bainite consist of the aggregates of ferrite plates 
or laths, carbon-enriched austenite, martensite or cementite particles. The 
aggregates of platelets are called “sheaves” [38] and each individual platelet is 
called “sub-unit”. All sub-units are connected to each other with low-
misorientation interfaces and tend to be in a common crystallographic 
orientation. In addition, both upper bainite and lower bainite have a high 
dislocation density associated with the mechanism of the formation of bainite, 
which is still controversial [39]. Generally, the dislocation density of bainitic 
ferrite increases as the transformation temperature is reduced [40].  
The formation of upper bainite experiences two distinct stages. It begins with 
nucleation of ferrite plates, which has a very low solubility of carbon, at the 
austenite grain boundaries, and the growth of the ferrite plates enriches the 
remaining austenite accompanied by an invariant-plane strain (IPS) [6, 31]. 
Eventually, cementite particles form from the residual austenite which lies 
(a) (b) 
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between the ferrite sub-units (see Fig. 2.5 a). The major distinction of lower 
bainite from upper bainite is that cementite precipitates also form inside the 
plates of ferrite (see Fig. 2.5 b), although the lower bainite has a similar 
microstructure and crystallographic features to those of upper bainite [31]. 
Therefore, there are two types of cementite particles: those that form from the 
remaining austenite between the sub-units and others that precipitate within the 
supersaturated ferrite.  
 
2.2.4.2 Kinetics 
The rate of bainite reaction also consists of the nucleation rate and the growth 
rate. Primary sub-units nucleate at prior austenite grain boundaries and 
propagate towards the grain interiors before the growth is supressed by plastic 
deformation [6]. Following that, new sub-units nucleate at the tips of the primary 
sub-units, and the sheaf structure forms as the process continues [6]. 
Little is known about the nucleation rate due to the small scale of bainite plate, 
except for the activation energy for nucleation is directly proportion to the 
driving force for transformation [6]. However, unlike martensite, it was reported 
that the nucleation rate of bainite is controlled by carbon diffusion at the 𝛼𝛼/𝛾𝛾 
interface [41].  
For the growth process of bainitic reaction, some research reports that the 
nucleus of bainite structure grows into sub-unit without diffusion [6, 30]. Thus, 
the lengthening rate of an individual sub-units of bainite is orders of magnitude 
faster than that of diffusion-controlled growth [42]. On the other hand, it was 
also reported that the growth rate is controlled by carbon diffusion from the 
bainite/austenite front [41]. Up to now, there is no agreement in the literature 
on the bainite transformation mechanism. In general, the growth rate of bainite 
sheaves can also be separated to two aspects: lengthening rate and thickening 
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rate. For lengthening rate, there are several published reports showing that 
bainite sheaves lengthen at a constant rate, although the measured rates are 
found to have significant variability at a given transformation temperature [43-
45].  
 
2.2.5 Martensitic transformation 
It has been well known that martensite reaction is a diffusionless and displacive 
transformation [25, 46]. The martensite transformation in steels usually takes 
place suddenly during rapid quenching of austenite to temperatures lower than 
martensite start temperature, 𝑀𝑀𝑠𝑠 . The critical cooling rate for martensite 
reaction must be sufficiently high to suppress the high temperature 
transformations, such as ferritic and pearlite transformations, and intermediate 
transformations such as bainitic reaction. The martensite start temperature and 
the critical cooling rate are very sensitive to the alloys composition [25, 47]. 
Carbon and most metallic alloying elements in austenite can assist lowing 𝑀𝑀𝑠𝑠 
[47, 48]. 
The driving force for martensite reaction can be described as 𝑇𝑇0 − 𝑀𝑀𝑠𝑠, 𝑇𝑇0 is the 
temperature at which the free energy of austenite and martensite are the same 
[25]. The nucleation of martensite commences once the temperature becomes 
lower than martensite start temperature 𝑀𝑀𝑠𝑠 . It has been reported that the 
nucleation of martensite occurs heterogeneously on defects such as dislocations 
[49]. In addition to that, strain-induced nucleation may also occur when sufficient 
stress is applied [46]. Due to the lack of partitioning of carbon and other alloying 
elements during the martensitic transformation, the martensite grows at a 
constant and extremely rapid rate, which means that the grow of martensite is 
not a thermal-activation process [25, 50]. 
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2.2.6 The role of Mo in phase transformations 
It has been widely known that Mo stabilises the ferrite phase [6]. Therefore, the 
most direct effect of Mo on phase transformation is to raise the equilibrium 
transformation temperature, and modify the composition of the products of 
austenite decomposition. The start temperatures for the different 
transformations (ferrite, bainite and martensite) can be predicted by empirical 
formulas. Pickering [37] quantified the effect of alloying elements on the 
austenite-to-ferrite transformation, Steven and Haynes proposed an empirical 
relation of bainite starting temperature and alloying elements [51] and the 
empirical relationship of martensite start temperature and alloying elements due 
to Andrews [52]:  
𝐴𝐴𝑟𝑟3 = 910 − 230𝐶𝐶 − 21𝑀𝑀𝑀𝑀 − 15𝑁𝑁𝑁𝑁 + 32𝑀𝑀𝑀𝑀 + 45𝑆𝑆𝑁𝑁 + 13𝑊𝑊 + 104𝑉𝑉     (2-2) 
𝐵𝐵𝑠𝑠 = 830 − 270𝐶𝐶 − 90𝑀𝑀𝑀𝑀 − 37𝑁𝑁𝑁𝑁 − 83𝑀𝑀𝑀𝑀 − 70 𝐶𝐶𝐶𝐶                          (2-3) 
𝑀𝑀𝑠𝑠 = 539 − 423𝐶𝐶 − 30.4𝑀𝑀𝑀𝑀 − 17.7𝑁𝑁𝑁𝑁 − 7.5𝑀𝑀𝑀𝑀 − 12.1 𝐶𝐶𝐶𝐶                  (2-4) 
where 𝐴𝐴𝑟𝑟3 , 𝐵𝐵𝑠𝑠  and 𝑀𝑀𝑠𝑠  are the start temperatures of austenite-to-ferrite 
transformation, bainitic transformation and martensitic reaction, respectively. 
All alloying elements are in weight percent (wt.%). From equation (2-2), it can 
be seen that Mo addition is able to increase the ferritic starting transformation 
temperature and lower the bainitic and martensitic transformation temperatures. 
Some work has been done on the effect of Mo on the Continuous-Cooling-
Transformation (CCT) diagram of low carbon steels [53-55]. As shown in Fig. 
2.6, the addition of Mo suppresses ferrite and pearlite formation, slowing the 
ferritic transformation kinetics and lowering the transformation start 
temperatures.   
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Figure 2.6 CCT diagrams of (a) Nb and (b) Nb+Mo steels, adapted from [55]. 
 
2.2.6.1 Effect of Mo on ferrite formation  
Two different growth modes have been suggested to describe the growth of ferrite 
[25]. The first mode describes that the growth of ferrite is determined by the 
diffusivity of the alloying elements in austenite, which results in a comparatively 
lower transformation rate when solutes are present. The second mode proposes 
that the growth of ferrite involves no substitutional element partitioning [56] 
and the growth rate is controlled by only the diffusivity of carbon which is several 
orders of magnitude faster than the diffusivity of substitutional elements. Here, 
the concept that the alloying elements affect the thermodynamic stability of 𝛾𝛾 
was introduced to explain the slower ferritic transformation kinetics when adding 
substitutional elements, including Mo [57].  
 
2.2.6.2 Effect of Mo on pearlite formation  
In the case of pearlite formation, it has been generally accepted that partitioning 
of the carbon and carbide forming alloying elements between ferrite and 
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cementite takes places at the interface with austenite [7, 15]. Because the couple 
effect of the diffusivity of those alloying elements is several orders of magnitude 
slower than that of carbon, and the diffusivity of carbon is reduced by the 
presence of alloying elements via solute drag, the kinetics of pearlite 
transformation is suppressed in Fe-C-X steels (X presents substitutional 
elements) as compared to Fe-C steels. Furthermore, once the concentration of 
those substitutional solute elements in cementite reaches the critical level, the 
cementite will be replaced by another carbides [25], for example M23C6 in 
molybdenum steels.  
 
2.2.6.3 Effect of Mo on bainite formation  
In the work done by Quidort and Bréchet [41], the effects of carbon and 
substitutional alloying elements on bainite transformation were discussed by 
taking the presence of alloying elements into account through their effects on 
the para-equilibrium concentrations and the driving forces for bainite reaction. 
They found that the slowing down effect of substitutional alloying element Ni 
on bainite transformation is larger than the pure thermodynamic, which 
demonstrates that some interaction between substitutional atoms and the 
moving interface has a possible solute drag effect. Hultgren [58] postulated that 
during bainitic transformation no substitutional alloying elements partition 
between the ferrite and cementite under the diffusionless hypothesis or under 
para-equilibrium conditions. This result has been well supported by the APT 
study on bainite transformation in Caballero’s work [59],  as shown in Fig. 2.7. 
It is indicated that the bainite transformation is controlled by the diffusion of 
carbon, and no partitioning of substitutional elements occurred during bainite 
transformation. Thus, the effect of substitutional alloying elements should be 
essentially thermodynamic. Bhadeshia [30] introduced barriers for nucleation and 
 18 
 
growth and treated his barriers as independent of composition. However, when 
experimental results by Hillerts [60] shows that the barrier for growth increases 
with Mo content. Besides, the effect of Mo is proportional to the Mo content due 
to some solute drag effect [46]. A similar “impurity drag effect” was proposed by 
Kinsman and Aaronson [57] and called solute drag-like effect. 
 
 
Figure 2.7 Projected carbon atom map and y concentration profile of selected volume 
showing austenite and ferrite regions in a low carbon steel [59]. 
 
2.2.6.4 Effect of Mo on martensite formation 
The effect of Mo on martensite transformation can be explained by a 
thermodynamic model proposed in the literature [25]. The enthalpy, ∆𝐻𝐻𝑋𝑋
𝛼𝛼→𝛾𝛾 , 
changes when adding alloying element X, which leads to a driving force change 
∆𝐺𝐺𝑋𝑋
𝛼𝛼→𝛾𝛾 of martensitic reaction. In the ∆𝐻𝐻𝑋𝑋
𝛼𝛼→𝛾𝛾 positive situation the driving force 
of martensite reaction increases, while in the ∆𝐻𝐻𝑋𝑋
𝛼𝛼→𝛾𝛾 negative case the driving 
force of martensite reaction reduces. It has been reported that elements which 
expand the austenite region will have a negative ∆𝐻𝐻𝑋𝑋
𝛼𝛼→𝛾𝛾  value, while ferrite 
stabiliser such as Mo will have a positive ∆𝐻𝐻𝑋𝑋
𝛼𝛼→𝛾𝛾value [25]. To conclude, the 
addition of Mo is able to increase the driving force of martensite formation. 
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2.3 Direct strip casting  
2.3.1 Direct strip casting process 
A schematic of the strip casting process is presented in Fig. 2.8. Solidification 
begins at the first point of contact between the rolls and the melt, and continues 
during casting downwards to form two individual metal shells against the surface 
of each roll. These two shells are brought together to form one continuous sheet 
at the roll nip or kissing point [61]. The casting speed typically ranges from 60 - 
100 m/min and the thickness of as-cast strip is less than 2.5 mm [21]. This strip 
sheet is then delivered to pass through in-line hot rolling mills to refine the 
microstructure. In strip casting the thickness reduction is limited to ~ 50%, 
significantly less than in the conventional slab hot rolling of ~ 99%, due to the 
thin starting thickness of the strip [21]. Subsequently, water cooling facility cools 
the strip through austenite-to-ferrite transformation region to a suitable coiling 
temperature at the end of the process. 
 
 
Figure 2.8 Schematic of strip casting route [62]. 
 
Figure 2.9 compares the thicknesses and cooling rates of three typical casting 
methods for steels. For strip casting process, the thickness is at least 100 times 
thinner than conventional continuous casting (CCC), 50 times thinner than thin 
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slab casting (TSC), which leads to a dramatic increase in the cooling rate of strip 
casting shells. These striking features of direct strip casting also indicate that 
the casting speed of direct strip casting is relatively higher than other two casting 
routes, which promotes the productivity of the whole steel-manufacturing 
process [4]. In addition, a high cooling rate is known to refine the microstructure, 
achieving desirable mechanical properties [63]. 
 
 
Figure 2.9 Comparison of three typical casting processes on thickness and cooling 
rate [4, 64]. 
 
2.3.2 Microstructures 
The final microstructure of strip-cast steel is markedly different from that 
produced by CCC or TSC due to the differences in strip casting process [2, 65-
68]. It has been reported that the microstructures of strip-cast low-carbon steels 
mainly consist of polygonal ferrite (PF), acicular ferrite (AF), Widmanstätten 
ferrite (WF), pearlite (P), bainite (B) and grain boundary carbides [1, 4, 68]. All 
these non-equilibrium microstructures can be highly altered by controlling 
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chemical composition of the steel and the casting processing parameters such as 
roll surface texture, heat flux at the meniscus, cooling rate, in-line hot rolling 
temperature, reduction and coiling temperature [1]. 
Typical strip-cast microstructures of low-carbon steels produced by DSC are 
shown in Fig. 2.10. The microstructure of strip-cast low-carbon steels is mainly 
composed of irregular-shaped grain boundary allotriomorphs, Widmanstätten 
ferrite, and some quasi-polygonal ferrite. This mixed microstructure is very 
similar to that formed in C-Mn weld deposit steel which also experiences a rapid 
cooling rate [18]. The formation of Widmanstätten ferrite and other non-
equilibrium phases during strip casting is a result of the coarse prior austenite 
produced during solidification and the rapid cooling through the critical 
transformation range of austenite decomposition [18]. This Widmanstätten 
ferrite has an average length and width of 450 and 250 µm, respectively, and the 
shape is almost columnar [1]. Normally, the grains on the subsurface are slightly 
finer than the grains in the centre, due to the different thermal history, and 
highlights the influence of nucleation rate during initial solidification [64]. Due 
to the rapid cooling, the normal polygonal growth of ferrite is unable to keep up 
with the rate of decrease in temperature, and the plate-like ferrite morphology 
is developed via nucleation either at austenite grain boundaries (Widmanstätten 
ferrite) or intragranular sites (acicular ferrite). A comparison of the 
microstructures of strip-cast and CCC/TMP-produced low carbon steel is 
described in Table 2.1. It can be seen that steels produced by these processes 
have markedly different austenite and ferrite microstructures. Compared to 
CCC/TMP, direct strip casting produces a larger austenite with columnar shape 
and non-equilibrium final structures.  
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Figure 2.10 Typical as-cast microstructure of strip cast low carbon (0.09%C) steel 
[69]. 
 
Table 2.1 The microstructure of strip-cast and CCC/TMP-produced low-carbon steels, 
adapted from Mukunthan et al [2]. 
 
TEM, SANS and APT studies on the precipitation in Nb as-cast steels done by 
Dorin show that the as-cast matrix is essentially precipitate-free, due to the fast 
cooling rates applied in the direct strip casting process [70, 71]. However, APT 
investigation done by Xie suggested that in the Nb steel produced by DSC, Nb-
N clusters were identified [72] as shown in Fig. 2.11. In Dorin’s work, no 
molecular NbN ions were found in the APT volume of the fast cooling sample 
[71]. Additionally, the experimental nearest neighbour distribution of only Nb 
solute atoms was similar to that of random, such that the solute atoms were 
thought to be randomly distributed [71]. However, in [72] differences with respect 
Feature Strip casting Hot strip mill 
Prior austenite grain 
morphology, size 
Columnar shape 
100-250 µm wide  
300-700 µm long 
Equiaxed, 25 µm 
Final microstructure 
constituents 
30-60% polygonal ferrite, 70-40% 
Widmanstätten ferrite or acicular ferrite 
and bainite 
100% equiaxed 
ferrite 
Ferrite grain morphology, 
size 
Polygonal shape, 10-50 µm in width,  
50-250 µm in length 
Equiaxed, 100 µm 
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to atomic configuration and chemical identity (i.e. clustering) could be discerned 
despite the similarity of the nearest neighbour distribution to random. Here, Nb-
N clusters were observed. Nb-N clusters in Nb as-cast steel samples were also 
independently identified by Shrestha et al. [73]. Also, from the SANS results in 
[70], no magnetic scattering contribution from precipitates was observed for the 
as-cast sample, however, the correlation of SANS and APT techniques was not 
clearly understood. 
  
 
Figure 2.11 3D reconstructed APT map showing Nb-N clusters in a Nb strip cast 
steel [72]. 
 
2.3.3 Mechanical properties 
A comparison of typical mechanical properties of low-carbon steels strips 
produced via strip casting and conventional casting routes is presented in Fig. 
2.12. Generally, the mechanical properties of direct strip cast steels are 
comparable as that of strips obtained from hot strip mill process.  
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Figure 2.12 Comparison of mechanical properties of low-carbon steel strips produced 
via strip casting and hot strip mill processes, adapted from the reference [2]. 
 
It is well-known that material properties are determined by microstructure. The 
rapid solidification during strip casting process forms a mixed microstructure 
predominantly consisting of Widmanstätten ferrite (WF), acicular ferrite (AF) 
and bainite (B), which contains a higher density of dislocations together with a 
greater solution strengthening effect from C and Mn [21]. This leads to the 
slightly higher strength of as-cast strip. The lower ductility of as-cast strip may 
result from the intrinsically lower ductility of WF and segregation, inclusions 
and non-uniformly distribution microstructure [4]. 
 
2.3.4 Secondary processes (direct cooling and coiling) of 
strip cast steels 
By controlling the cooling path through a critical transformation temperature, a 
wide range of microstructures, from ferrite to martensite, can be produced from 
austenite. Fig. 2.13 is a Continuous-Cooling-Transformation (CCT) diagram of 
a strip cast steel showing several cooling paths which illustrates the influence of 
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coiling temperature on phase transformation. High coiling temperature (800℃) 
and low cooling rate produce polygonal ferrite and pearlite, but a mixed 
microstructure containing ferrite, pearlite, bainite and martensite is generated 
when the coiling temperature is below 300℃. The effects of cooling rate and 
coiling temperature on the final microstructure and properties are listed in the 
Table 2.2. It can be seen that a composition that produces polygonal ferrite and 
pearlite by conventional casting processes with a slow cooling rate, such as CCC 
and TSC, might produce a non-equilibrium and harder microstructure, such as 
bainite and even martensite, by direct strip casting with a rapid cooling rate. 
This leads to a higher strength compared to the steel developed by conventional 
casting processes.  
 
 
Figure 2.13 The CCT diagram of a 0.36 wt.% C steel showing the effects of cooling 
rate and coiling temperature on final phase and structure [63]. 
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Table 2.2 Effects of cooling rate and coiling temperature on microstructures and 
properties of low-carbon steel strips [2]. 
Cooling Rate 
(°C/s) 
Coiling 
Temperature (°C) 
Microstructure 
Constituents 
Yield Strength 
(MPa) 
0.1 > 800 Polygonal ferrite, 
Pearlite 
210 
13 670 Polygonal ferrite, 
Widmanstätten 
ferrite 
320 
25 580 Polygonal ferrite, 
Bainite 
390 
100 < 400 Polygonal ferrite, 
Bainite, Martensite 
490 
 
 
2.4 Precipitation and clustering in steels  
2.4.1 Introduction 
The precipitation and clustering of microalloying carbonitrides is of significant 
interest in high-strength low-alloy steels [74-77], and has been extensively applied 
in the steel manufacturing industry for many years. The underlying reason is 
their volume fraction, size, morphology and distribution influence both strength 
and toughness by controlling grain size and dispersion strengthening [74, 77, 78]. 
Essentially, precipitation hardening is mainly achieved by forming carbides or 
nitrides of metallic elements, such as Nb, V and Ti. These particles pin both 
dislocations and grain boundaries in austenite or ferrite [79]. It has been known 
that different metallic elements have different solid solubilities and diffusivities 
under a certain temperature [80]. Thus, in response to various processing 
conditions, precipitates particles may form in austenite, at phase boundaries 
during austenite-to-ferrite transformation, or in supersaturated ferrite with 
different crystallographic orientations, volume fractions, morphologies, sizes and 
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distributions, and may coarsen under a high temperature or a long heat 
treatment holding time. 
 
2.4.2 Terminology  
A cluster is usually defined as an aggregate of solute atoms without any definite 
crystal structure and having a composition regulated by the nature of the matrix 
[81-83]. In Mukherjee’s work [84], nanoclusters are regarded as an aggregate 
containing less than 50 solute atoms, while features containing more than 50 
atoms are considered as precipitates. However, Dhara [85] defined clusters to be 
composed of less than 30 atoms. From the previous literature, the definition of 
clusters is varied from many researchers.  
 
2.4.3 Precipitation in austenite 
When isothermally holding within, or continuous cooling through, the austenite 
region, precipitation may occur at grain boundaries and defects such as 
dislocations [80, 86-88]. It has been well established that when strong carbide 
forming elements such as Nb, V and Ti, are added to alloys, M(C, N) 
carbonitrides are formed with a NaCl-type structure [86, 89, 90].  
The M(C, N) carbonitrides initially have a cube-on-cube semi-coherent crystal 
orientation relationship (OR) with austenite [75, 80]: 
 (001)𝑀𝑀(𝐶𝐶,𝑁𝑁)  ∕∕   (001)𝛾𝛾; [010]𝑀𝑀(𝐶𝐶,𝑁𝑁)  ∕∕   [010]𝛾𝛾.  
As a result, when the austenite transforms to ferrite, the orientation relationship 
between the carbonitrides and the matrix is Kurdjumov-Sachs (K-S) OR [91]: 
 (111)𝑀𝑀(𝐶𝐶,𝑁𝑁)  ∕∕   (011)𝛼𝛼; [1�01]𝑀𝑀(𝐶𝐶,𝑁𝑁)  ∕∕   [1�1�1]𝛾𝛾.  
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The Precipitation-Time-Temperature (PTT) diagram of the carbonitrides 
formation in austenite is usually presented as a “C” shape [86, 89]. The “nose” 
temperature of Nb(C, N) precipitation, where the most rapid precipitation takes 
place, has been reported to be around 900-950°C [80]. However, the kinetics of 
precipitation in austenite are dramatically accelerated by deformation (Fig. 2.14), 
which can be attributed to the increased nucleation site as seen by precipitation 
on dislocations [92, 93].  
 
 
Figure 2.14 Precipitation-Time–Temperature (PTT) diagrams of precipitates formed 
in austenite of a Nb–Ti–V microalloyed steel with and without a deformation [93]. 
 
2.4.4 Interphase precipitation 
Alloy carbides can be formed at the 𝛾𝛾/𝛼𝛼 phase boundaries during the austenite-
to-ferrite transformation, and this is referred to as “interphase precipitation”. 
Interphase precipitation can be very fine, on the order of nano-meters, and is of 
great importance for the development of high-strength low-alloy (HSLA) steels 
[74, 94]. Okamoto et al. [94] estimated that the increment of yield strength from 
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interphase precipitate, NbC, can reach up to 350 MPa. Yen et al. [95] calculated 
that interphase carbide (Ti, Mo)C can provide 417 MPa of strengthening which 
accounts for 66% of the total predicted yield strength in the alloy. Funakawa 
and his research team reported similar precipitate strengthening values for Ti-
Mo steels [74]. It is therefore clear that interphase carbide precipitation is an 
important technological aspect of steel metallurgy. 
Interphase precipitation was first observed in 1968 by Gray and Yeo who 
reported periodical rows of carbonitrides precipitates the 𝛾𝛾/𝛼𝛼 interfaces in low 
carbon steels containing niobium [96]. Interphase precipitation has also been 
observed in other species such as NbC [97], V(C,N) [98] , Mo2C [99], Cr23C6 [99] 
and multi-alloy carbides, (Nb, V)C [100], (Ti, Mo)C [78, 84], (Nb, Mo)C [89]. 
Interphase particles formed along austenite/ferrite interfaces were reported to 
exhibit the Baker-Nutting (B-N) orientation relationship with the ferrite matrix 
[101]:  (100)M(C,N)~//(100)𝛼𝛼; [010]M(C,N)~//[011]𝛼𝛼. 
Since interphase precipitation in steels usually occurs at the immobile (110)𝛼𝛼 // (111)𝛾𝛾 interfaces by ledge mechanism [102], therefore when observed 
under transmission electron microscopy (TEM), distinct rows of precipitates 
with uniform spacing can be detected only when the foils are tilted parallel to (110)𝛼𝛼 which allows the carbide sheets to be viewed edge-on. At other tilt angles, 
the linear rows are no longer visible, appearing to be randomly dispersed, as 
shown in Fig. 2.15. 
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Figure 2.15 Same interphase precipitates after tilting with different angles [72]. 
 
Due to the Baker-Nutting (B-N) orientation relationship between interphase 
precipitates and ferrite, the interphase precipitates are semi-coherent with ferrite 
in order to adapt the misfits and decrease the energy of alloys. Therefore 
interphase carbonitrides are usually presented as a disc-shaped morphology [80, 
84].  
In recent years, clusters formed during phase transformation have been widely 
investigated due to the emergence of atom probe tomography as a routine 
analysis technique. Mukherjee [82, 84] reported that only clusters, rather than 
well-defined precipitates, formed at the 𝛾𝛾/𝛼𝛼 interfaces in the early stages of 
precipitation. After a longer heat treatment time, nano-precipitates developed 
and these coexisted with the smaller nano-clusters within the interphase rows, 
Fig. 2.16. Both clusters and interphase precipitates were found to be disc-shaped 
[82-84]. Furthermore, the clusters found in that work [83] had a similar crystal 
structure to the ferrite, whereas interphase precipitates have a different crystal 
structure to the matrix. 
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Figure 2.16 Atom probe map showing the coexistence of interphase precipitates and 
clusters in Ti-Mo steel coiled for 3600 s at 650°C [84]. 
 
2.4.5 Precipitation from super-saturated ferrite 
Dispersions of nano-scale precipitates in ferrite have been extensively studied in 
microalloyed steels, in particular, their excellent strengthening effects [75, 100, 
103-105].  Supersaturated ferrite can precipitate carbonitrides in the matrix by 
heating and holding in the ferritic region [106]. Precipitates can also be formed 
on dislocations, at grain boundaries or in the matrix when reheating the 
supersaturated ferrite below the ferrite-to-austenite transformation temperature 
[107, 108]. M(C, N) carbonitrides formed in ferrite also follow the Baker-Nutting 
(B-N) orientation relationship with the ferrite matrix [109], and have a NaCl-
type structure and a disc-shaped morphology [110, 111].  
The APT and Field Ion Microscopy (FIM) study carried out by Danoix et al. 
[111] showed that in the early stages of precipitation, monoatomic NbN platelets 
were observed in a high nitrogen steel when aged at 600°C. This type of 
monoatomic NbN layer was also observed on the Nb microalloyed strip-cast 
steels in Xie’s work [112], as shown in Fig. 2.17, having a size of around 60 atoms 
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at peak hardness. Larger Nb (C, N) precipitates were formed after further ageing 
with a reduction in strength. In this work, these clusters led to a dramatic 
strengthening increment of 165 MPa with no loss of ductility, which showed a 
higher strengthening than conventional Nb(C, N) precipitation strengthening. 
 
 
Figure 2.17 (a) HRTEM image showing a GP zone-like cluster in the Nb steel aged 
for 4 min at 700°C; (b) APT map of the clustered Nb/NbN in the same alloy [112]. 
 
2.4.6 Effect of Mo on precipitation behaviour 
Since the 1950’s, many research work has focused on the influence of Mo on 
precipitation [57, 63, 72, 91, 93-95]. Mo can also decrease the diffusivity of carbon 
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and metallic elements, i.e. Mo increases the solid solubility of microalloying 
elements in austenite and suppresses the precipitation of carbo-nitrides [87, 110]. 
Therefore, more alloy elements can be preserved in a relatively low temperature 
range and then precipitate from ferrite (including interphase precipitate) with 
carbon atoms as carbides. In 1994, Uemori’s work [113] suggested that Mo atoms 
segregate strongly at the Nb(C, N)/ferrite matrix interface in Ti-Nb-Mo steel 
which suppresses the diffusion of Nb atoms into Nb(C, N) from ferrite matrix, 
resulting in precipitates that are finer in size and greater in number. Lee 
explained that the addition of Mo can increase the nucleation sites of MC 
carbides in addition to the bainitic transformation, leading to finer and denser 
MC carbides. The TEM observation done by Lee [87] revealed that fine MC 
carbides in a Nb-Mo steel contains both Nb and Mo, and the ratio of Mo/Nb is 
higher in the finer carbides. Similarly, Chen [76] reported that complex nano-
scale (Ti, Mo)C carbide was found in the Ti-Mo steel which possess excellent 
thermal stability. Recently, the reason why the denser and finer MC-type carbide 
can be formed in the microalloyed steel containing Nb and Mo was explained by 
Zhang [114] that (M, Mo)C precipitate has a small mismatch with the ferrite 
matrix which decreases the interfacial energy. Therefore, the precipitation 
kinetics of MC-type carbides in Nb-Mo steel is greater than that in Nb steel. 
Cao adopted Yong’s calculation method in the literature [80], investigated the 
effect of Mo on the PTT (precipitation amount-temperature-time) curve of 
Nb(C,N) in austenite based on Amin et al.’s research [115]. Cao reported that 
the precipitation starting time was almost delayed by an order of magnitude 
after adding 0.14% Mo. As a consequence, more alloy elements are in solution 
and precipitate fine particles in ferrite at a relatively low temperature, resulting 
in greater strengthening effect. 
It has been well known and widely investigated that molybdenum can participate 
the formation of carbonitrides to form the precipitated particles with the 
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chemical formula of (M, Mo)(C, N) (where, M is the microalloying element, such 
as Ti, Nb and V). It has been found that after a short isothermal time, Mo 
participates in the clustering response [82, 84]. However, the fraction of Mo in 
the precipitates was found to decrease with particle size and heat treatment time 
[86, 89, 116]. Besides, the (M, Mo)(C, N) precipitates exhibit a better coarsening 
resistance than M(C, N) precipitates [78, 86, 116, 117], leading to a smaller 
particle size. This has been explained by the solute drag effect of Mo atoms at 
the interface between precipitates and matrix [116].  
 
2.4.7 Precipitation hardening mechanism 
Two well-known mechanisms of precipitation hardening in metals have been 
proposed [118, 119]: dislocations can bypass relative large non-deformable 
particles by Orowan looping, and they can shear small deformable particles, as 
shown in Fig. 2.18.  
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Figure 2.18 (a) Orowan looping “by-pass” mechanism; (b) Sheared mechanism [77]. 
 
If the particle is sheared by the dislocation, there are several effects which may 
be involved in raising the stress level required for plastic yielding: coherency 
strain strengthening (the interaction of the strain fields around coherent particles 
with the strain fields around dislocations); chemical hardening (an increase in 
the particle/matrix interfacial energy after the deformation of a particle); 
stacking fault effect (the deformation of particles); disordering strengthening (an 
antiphase boundaries produced by the passage of dislocations through particles) 
and so on. The increment in yield strength 𝜎𝜎𝑠𝑠ℎ𝑒𝑒𝑒𝑒𝑟𝑟𝑒𝑒𝑒𝑒 from small particles has the 
relationship with volume fraction 𝑓𝑓 and real radius 𝑅𝑅 of particles [120]:  
                        𝜎𝜎𝑠𝑠ℎ𝑒𝑒𝑒𝑒𝑟𝑟𝑒𝑒𝑒𝑒 = 0.071.5 𝑀𝑀𝑀𝑀√3√2𝑏𝑏𝑏𝑏  �𝑓𝑓𝑅𝑅                                    (2-5) 
where M = 3 is the Taylor factor, G is shear modulus of matrix, b is the Burger’s 
vector.  
When a dislocation bypasses hard secondary phase particles, more applied stress 
is required to balance the increased line tension of the dislocation, due to the 
increase of dislocation bowing. Considering the interparticle spacing value 𝐿𝐿, The 
Ashby-Orowan relationship is given as [77]: 
                          ∆𝜏𝜏𝑦𝑦 ∝ 𝐿𝐿−1                                                          (2-6) 
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Converting shear stress to yield stress, the increment in strength 𝜎𝜎𝑏𝑏𝑦𝑦𝑝𝑝𝑒𝑒𝑠𝑠𝑠𝑠 follows 
the relationship which is given as [120]:  
                           𝜎𝜎𝑏𝑏𝑦𝑦𝑝𝑝𝑒𝑒𝑠𝑠𝑠𝑠 = 0.7𝑀𝑀𝐺𝐺𝑀𝑀 �𝑓𝑓𝑅𝑅                                             (2-7) 
From the equations (2-5) and (2-7), it can be seen that soft particle strengthening 
increases with increasing particle size, while hard particle strengthening 
decreases with increasing particle size. Therefore, for a given volume fraction, a 
critical size must exist for transition from particle shearing to Orowan looping, 
and the largest strengthening can be achieved when the particle size is around 
the critical size, Fig. 2.19. As reported by early research, the size of most carbides 
in steels is greater than the critical particle size, thus Orowan looping is the 
dominant strengthening method [80]. In this case, refining particle size can make 
a significant contribution to the magnitude of increment in strength because for 
a given volume fraction, a smaller particle size can result in a deceasing in 
interparticle spacing. As a consequence, precipitate refinement has attracted 
much attention in the steel research field. 
 
 
Figure 2.19 Strength as a function of particle size depicting the transition between 
mechanisms of dislocation shearing and Orowan looping [80, 121]. 
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2.5 Summary and scope  
From the Literature Review, it can be seen that Mo is of interest in steel-making 
because it participates in the formation of clusters and precipitates, resulting in 
finer and denser clusters and precipitates [84]. It is also known to promote the 
formation of harder phases, such as bainite and martensite [54].  
In this work, we are investigating the effect of Mo on precipitation and clustering 
behaviour in a low-carbon Nb-containing steels produced by strip casting. The 
effects of Mo on the precipitation and clustering behaviour are of significant 
interest. Previous work has reported that Mo is able to increase the solid 
solubility of microalloying elements such as Nb, V and Ti, which suppresses 
precipitation in austenite thus promoting inter-phase interface precipitation 
during phase transformation. This also promotes precipitation in the ferrite after 
the completion of the transformation. Furthermore, Mo is known to refine the 
precipitate size, increase precipitation hardening and improve thermal stability 
of precipitates. However, the precise role of Mo in precipitation is still not yet 
clear, and the manner in which it modifies the precipitation behaviour is not yet 
established. It is not known why Mo affects the kinetics of precipitation, nor why 
Mo appears to promote nucleation. This enhanced nucleation seems at odds with 
the alternate observation that Mo limits particle growth and coarsening. The 
evolution of precipitate chemistry throughout the nucleation and growth phase 
has not yet been studied. In addition, recent publications investigating 
precipitation and clustering in strip-cast steels have revealed some interesting 
precipitation and clustering behaviours under these rapid cooling conditions. In 
the early stages of precipitation, single atomic layer Nb-N clusters form, and 
these coarsen throughout the ageing process [112]. However, the behaviour of 
more complex steel chemistries, such as those containing Mo, has not before been 
carried out. It is therefore unclear if the Mo will take part in this nitride 
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clustering behaviour, or if it will have no effect. These aspects of clustering 
behaviour under strip casting conditions remain to be studied. 
In this work, the effect of Mo on phase transformation in low-carbon strip-cast 
steels containing Nb is also studied. Mo is also known to affect the 
microstructural development during phase transformation. Mo changes the phase 
transformation temperature, and modifies the composition of the products of 
austenite decomposition. It is also reported to suppress ferrite and pearlite 
transformations, but to promote bainite and martensite reactions. Clearly, the 
effects of Mo on the phase transformation behaviour are complex. However, these 
conclusions have been made from previous work which has been limited to steels 
produced by conventional casting processes with a low cooling rate. Very little 
research work has addressed the influence of Mo on microstructural development 
during the rapid solidification and high cooling rates experienced during strip 
casting. A non-equilibrium and inhomogeneous microstructure is expected in 
strip-cast steels. Since the microstructures produced by strip casting are 
markedly different to the microstructures developed by conventional casting it 
is unclear what effect Mo will have on phase transformation and microstructural 
evolution in steels during strip casting.  
As a consequence, this thesis will mainly focus on the effect of Mo on phase 
transformation, precipitation and clustering behaviour in the steels produced by 
simulated direct strip casting. The three main aims of this thesis are to 
systematically study: 
I) The effect of Mo on phase transformations and microstructural development 
in a low-carbon (high-strength low-alloy) strip-cast steel containing Nb. 
II) The effect of Mo on the precipitation reaction under three distinctly different 
circumstances: precipitation in the austenite; inter-phase interface precipitation 
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during the phase transformation; and precipitation in the ferrite phase post 
transformation.  
III) The combination of microstructural development and precipitation 
behaviour will be related to the final mechanical properties of the steel. A 
microstructural strength model will be derived to guide future alloy design in 
this steel class. 
It is envisaged that this work will provide mechanistic insight into role of Mo 
during direct strip casting (DSC) on the phase transformations and 
clustering/precipitation, and thereby contribute fundamental knowledge to alloy 
design philosophy for steel-making. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 40 
 
 
 
 
 
Chapter 3 Experimental Methods 
 
3.1 Introduction 
The aim of this thesis is to investigate in detail the phase transformation and 
precipitation behaviour influenced by the addition of molybdenum (Mo) in direct 
strip cast niobium (Nb) steels, along with mechanical properties. In this chapter, 
the studied alloys, casting and thermal processing, and a variety of experimental 
characterisation (microscopy and microanalytical) techniques are detailed. 
 
3.2 Material 
Two compositions, with and without Mo, were designed as low-carbon low-Nb 
microalloyed steels (referred to hereinafter as Nb steel and Nb-Mo steel, 
respectively). SPECTROMAXx (LMX05) stationary metal analyser was used to 
check the chemical composition, and adjustments were made to attain the target 
alloy chemistry. Final compositions of the two alloys are listed in Table 3.1. 
 
Table 3.1 Compositions (at.%) of the Nb and Nb-Mo steels examined by an optical 
emission spectrometer, SPECTROMAXx. 
 C Mn Si Al Nb Mo S N Fe 
Nb steel 0.25 1.47 0.42 0.01 0.03 - <0.0001 0.03 Bal. 
Nb-Mo steel 0.25 1.52 0.47 0.02 0.03 0.19 <0.0001 0.03 Bal. 
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3.3 Processing of the steels 
3.3.1 Casting  
Casting experiments were carried out using a direct strip casting simulator, 
known as dip tester, as shown schematically in Fig. 3.1. Alloys were melt in a 
75 kW induction furnace. Two copper substrates with 38 mm × 38 mm in size 
were fitted on the immersion paddle and controlled by computerized electric 
motors. As the solidified samples emerged from the melt, they were rapidly 
cooled with an argon blast to protect the surface from oxygen. Besides, during 
the whole process of the dip testing experiment, the melt was protected under 
argon atmosphere to minimize oxidation of the melt and slag formation. Once 
the substrates were immersed into the melt, the metal solidified on the substrates 
very quickly. 
 
 
Figure 3.1 Schematic diagram of direct strip casting apparatuses used in this work 
[69]. 
 
A Calex PyroUSB Series Infrared thermometer was used to measure the thermal 
history of the solidified samples after removed from the substrates. All the as-
cast coupons were air cooled to room temperature. Two cooling curves are 
plotted in Fig. 3.2, together with the derivative to highlight the change in slope, 
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which indicates the gamma-to-alpha transformation. The cooling rates of the 
two alloys were close to 6 °C/s (ΔT8-5, the cooling rate from 800 to 500°C) and 
the thickness of final as-cast samples varied approximately from 1 mm to 1.6 
mm. 
 
 
Figure 3.2 Cast cooling curves recorded by thermometer and associated derivatives for 
cooling rates. 
 
3.3.2 Thermo-Calc calculation  
In order to determine subsequent heat treatment system after DSC, Thermo-
Calc calculation was carried out for the two compositions. The calculation results 
are presented in Fig. 3.3, which show that equilibrium temperatures of 
austenitization start are 662 and 671°C, for the two compositions, respectively, 
 43 
 
and equilibrium austenization ending temperatures are 842°C for the Nb steel 
and 852°C for the Nb-Mo steel. Cementite starts forming at 681 and 682°C for 
the two investigated compositions, respectively. 
 
 
Figure 3.3 Equilibrium mass fraction of all phases calculated by Thermo-Calc software. 
 
3.3.3 Heat treatment 
Three heat treatment temperatures were carefully selected based on the results 
of Thermo-Calc calculation, in order to simulate subsequent coiling and ageing 
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treatments and investigate precipitation behaviour in different phases: (a) coiling 
in the austenite (900°C), (b) coiling during phase transformation (700°C) and (c) 
ageing in the ferrite (650°C).  
For coiling treatments, solidification samples were directly transferred into a 
preheated muffle furnace immediately after removal from the substrates of DSC 
apparatus. Coiling holding times were 100, 1000, 3000 and 10000 s, and air 
cooling followed.  
Prior to ageing treatment, the as-cast steels were cut into 1 cm × 1 cm × sections 
by using Struers Accutom 50 machine. Samples were then put into a preheated 
metal tube furnace under argon atmosphere for different holding times, 10, 20, 
30, 100, 200, 500, 1000, 3000 and 10000 s. After ageing, samples were cooled in 
the air to room temperature. 
 
3.4 Characterisation and data analysis 
3.4.1 Microscopy 
All samples viewed by optical and scanning electron microscopies were prepared 
by sectioning along the casting direction, and hot mounted perpendicular to the 
sectioned direction in conductive Polyfast Bakelite resin using a Struers-
CitoPress-20. The mounted samples were ground and polished using increasingly 
finer grades of silicon carbide paper (240 to 1200 grit) followed by polishing with 
6, 3 and 1 mm diamond particle solution. For scanning electron microscopy, OPS 
solution was used for final polishing for at least 10 minutes. The polished samples 
were washed by water for 2 minutes then ethanol ultrasonically for at least 20 
minutes to remove debris. No further etching was carried out for scanning 
electron microscopy samples. However, for optical observation, polished samples 
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were etched by 4% Nital solution for 10 seconds and followed by ultrasonic 
cleaning in ethanol. 
 
3.4.1.1 Optical microscopy 
Optical micrographs were taken using an Olympus HR DP70 microscope and 
DP70 imaging software. 
 
3.4.1.2 Scanning electron microscopy 
Images were taken by using angle selective backscattered (AsB) electron detector 
in Zeiss Supra 55 VP scanning electron microscopy (SEM) with a voltage of 20 
kV and 60 µm aperture in high current mode. The working distance was around 
5 mm.  Composition analysis was carried out by Oxford X-Max 20 SDD energy 
dispersive spectroscopy (EDS) equipped in Zeiss Supra 55 VP SEM with a 
working distance around 13 mm. Electron backscatter diffraction (EBSD) was 
conducted at 20 kV using a JEOL JSM 7800F field emission gun (FEG) SEM 
automated by AZtecHKL software (Oxford Instruments). 
 
3.4.1.3 Transmission electron microscopy 
Samples for transmission electron microscopy (TEM) observation were prepared 
in two ways, for different purposes, thin foils and carbon replica.    
Thin foils samples were prepared by grinding specimens to a thickness of ~ 50 
µm with 1200 grade silicon grit paper. Discs of 3 mm diameter were punched 
from the thin foils and then electropolished by a solution of 5% perchloric acid 
in methanol using a twin-jet Tenupol unit, running at 30 V at approximately -
35°C. Three electropolished specimens were prepared for each condition.  
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It was not easy to perform precipitate observation under bright field imaging 
mode in TEM as some precipitates were located on grain boundaries and 
dislocations. Carbon replicas are able to eliminate the magnetic effect due to 
ferrite matrix. Thus, carbon replica technique was chosen for TEM observation 
as well. Samples for carbon replica preparation were ground and polished, as 
described for the optical sample preparation. The polished samples then were 
etched in a 4% Nital solution for 20 s. Carbon was deposited onto the surface of 
the etched samples in JEOL JEE-420 Vacuum Evaporator with a pressure of 4 
× 10-4 Pa for 1 min. Coated samples were etched again in 4% Nital for 90 s to 
remove the carbon layer. The carbon films were then floated off in distilled water 
and caught by 300 square mesh Cu grids.  
Microstructural and particle observations were mainly performed on Philips CM 
20 TEM with LaB6 filament operating at 200 kV. Selected area electron 
diffraction (SAED) patterns were obtained from regions of interest. Composition 
analysis of particles was carried out using JOEL 2100 TEM with LaB6 filament 
and JOEL FEG 2100F TEM, operating at 200 kV. JEOL JED-2300T Energy 
dispersive spectroscopy (EDS) analysis was performed in scanning transmission 
(STEM) mode with a camera length of 40 cm. Due to the low energy of the X-
rays emitted from the carbon replica specimens, 15° titling of sample holder in 
X direction was performed. Gatan GIF quantum 965 post column Electron 
energy loss spectroscopy (EELS) analysis was also carried out for composition 
examination using an energy range of 0 to 1000 eV.  
 
3.4.2 Small-angle neutron scattering 
Small-angle neutron scattering (SANS) is a very powerful experimental 
technique to use elastic neutron scattering at small scattering angles (0.2 to 20°) 
[122] for characterisation of objects on the nanoscale (1-10 nm) [123], such as 
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defect structures and nano-precipitates in metals. For characterisation of 
precipitates in magnetic ferritic steels, SANS is a unique tool for statistical and 
quantitative measurement for non-magnetic precipitates. Thus, SANS is able to 
provide naturally magnetic contrast which is extremely powerful to deliver the 
information about nano-scale precipitates. The most obvious advantage of SANS 
for this work over other small-angle scattering techniques, such as small-angle 
X-ray scattering (SAXS), is that SANS allows a larger volume of material which 
offers excellent statistics compared to SAXS, where there is high absorption of 
X-rays by steel samples. Whilst SANS provides statistically relevant quantitative 
information such as particle size and volume fraction, it is typically applied in 
conjunction with other techniques, such as electron microscopy, for direct 
imaging. 
 
3.4.2.1 Instrument 
Basically, four steps are involved in SANS experiments, as given in Fig. 3.4: 
monochromation, collimation, scattering, detection. The small-angle neutron 
scattering instrument used in the current work is named Quokka located at 
Australia’s Open Pool Australian Lightwater (OPAL), Australian Nuclear 
Science & Technology Organisation (ANSTO), Sydney. Schematic of a SANS 
instrument is shown in Fig. 3.5, which is composed of a high performance velocity 
selector, collimation, sample exchange room and large detector. Monochromatic 
neutron beam was obtained mostly by velocity selector (peak transmission 94% 
for Quokka), while collimation was performed by using two apertures, source 
and sample aperture, as shown in Fig.3.4. Then incident beam was directed at 
the sample and scattered. A 2-dimensonal 3He detector inside an evacuated 
scattering vessel was used for detection. For a detailed introduction of SANS 
instrument and theory, the book by Hammouda [122] is very comprehensive and 
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there are also a review paper [124] available for the information of Quokka at 
OPAL. 
 
 
Figure 3.4 Schematic representation of a small-angle neutron scattering experiment 
[125]. 
 
 
Figure 3.5 Schematic of a SANS instrument [125]. 
 
3.4.2.2 Sample preparation 
Small-angle neutron scattering as an advanced technique has an advantage of 
simple sample preparation over many other advanced microscopy techniques. 
SANS samples were prepared by cutting into 15 mm × 15 mm × thickness by 
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using Struers Accutom 50 machine, and then mechanically were ground down to 
a thickness around 0.5 mm with 1200 grade silicon grit paper. 
 
3.4.2.3 Data acquisition 
In order to obtain a separate magnetic and nuclear scattering signal, an 
electromagnet was used to apply a 1T magnetic field perpendicular to the 
neutron beam to saturate the Fe-matrix. The wavelength of the selected neutron 
beam was 5 Å with a sample-to-detector distance of 4 m to optimise the desired 
scattering vectors q (𝑞𝑞 = 4π sin𝜃𝜃 𝜆𝜆 )⁄ . A beam stop size of 5 mm was selected 
for all the examined samples. Samples coiled at 700°C were exposed to the 
neutron beam for 3600 s, while samples aged at 650°C were exposed for 900 s.  
 
3.4.2.4 Data analysis 
Data reduction (reduce to an absolute scale of intensity) and analysis were 
performed by using Igor Pro macro (published by Wavemetric Inc.). 
 
1) Raw data 
A typical scattering spectrum observed on the 2D detector from an examined 
sample is presented in Fig. 3.6. The difference in nuclear and magnetic scattering 
amplitude between precipitates and matrix yields a butterfly SANS pattern. Due 
to the additional magnetic field on the sample, the vertical scattering signal 
presents the nuclear contrast from the precipitates and matrix compositions, 
whilst the horizontal scattering signal comes from both nuclear and magnetic 
amplitudes. The angular distribution of the scattering contrast factor can be 
expressed by [126]:  
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                ∆ρ𝑛𝑛𝑛𝑛𝑐𝑐𝑛𝑛+𝑚𝑚𝑒𝑒𝑚𝑚2 = ∆𝜌𝜌𝑛𝑛𝑛𝑛𝑐𝑐𝑛𝑛2 + ∆𝜌𝜌𝑚𝑚𝑒𝑒𝑚𝑚2 sin2(𝛼𝛼)                                  (3-1) 
where ∆𝜌𝜌𝑖𝑖 = 𝜌𝜌𝑝𝑝𝑖𝑖 − 𝜌𝜌𝑚𝑚𝑒𝑒𝑚𝑚𝑟𝑟𝑖𝑖𝑚𝑚𝑖𝑖  (i = nucl or mag) is the difference in the (nuclear or 
magnetic) scattering length densities (𝜌𝜌𝑝𝑝 ,𝜌𝜌𝑚𝑚 ) between the precipitates and 
matrix, and α is the angle between the magnetic moment and the scattering 
vector 𝑞𝑞.  
 
Figure 3.6 An example SANS pattern of the examined samples. 
 
Since Nb carbides are believed to be non-magnetic [70], the magnetic scattering 
amplitude ∆𝜌𝜌𝑚𝑚𝑒𝑒𝑚𝑚 = 0 − 𝜌𝜌𝑚𝑚𝑒𝑒𝑚𝑚𝑟𝑟𝑖𝑖𝑚𝑚𝑚𝑚𝑒𝑒𝑚𝑚  which can be calculated by the magnetic 
scattering length and the atomic volume of ferrite. Both values are well reported 
to be 5.98 × 10−5 Å and 11.8 Å, respectively [126]. Thus, the magnetic scattering 
contrast factor ∆𝜌𝜌𝑚𝑚𝑒𝑒𝑚𝑚 = −5 × 1014 𝑚𝑚−2. 
The nuclear scattering contrast factor depends on the precipitate and matrix 
compositions. The nuclear scattering length density of the ferritic matrix and 
the Nb precipitate can be calculated as [70]: 
                               ρ𝑚𝑚𝑒𝑒𝑚𝑚𝑟𝑟𝑖𝑖𝑚𝑚𝑛𝑛𝑛𝑛𝑐𝑐𝑛𝑛 = 𝑁𝑁𝛼𝛼𝑀𝑀𝑐𝑐𝐹𝐹𝑒𝑒                                       (3-2) 
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                ρ𝑁𝑁𝑏𝑏−𝑝𝑝𝑟𝑟𝑒𝑒𝑐𝑐𝑖𝑖𝑝𝑝𝑖𝑖𝑚𝑚𝑒𝑒𝑚𝑚𝑒𝑒𝑛𝑛𝑛𝑛𝑐𝑐𝑛𝑛 = 𝑁𝑁𝑁𝑁𝑏𝑏−𝑝𝑝𝑟𝑟𝑒𝑒𝑐𝑐𝑖𝑖𝑝𝑝𝑖𝑖𝑚𝑚𝑒𝑒𝑚𝑚𝑒𝑒 ∑ 𝑥𝑥𝑖𝑖𝑀𝑀𝑐𝑐𝑖𝑖𝑖𝑖                          (3-3) 
where 𝑁𝑁𝛼𝛼 and 𝑁𝑁𝑁𝑁𝑏𝑏−𝑝𝑝𝑟𝑟𝑒𝑒𝑐𝑐𝑖𝑖𝑝𝑝𝑖𝑖𝑚𝑚𝑒𝑒𝑚𝑚𝑒𝑒 are the atomic density of the ferrite and the Nb 
precipitate respectively, 𝑥𝑥𝑖𝑖 represents the atomic fraction of precipitate element 
𝑁𝑁 , and 𝑀𝑀𝑐𝑐𝐹𝐹𝑒𝑒  and 𝑀𝑀𝑐𝑐𝑖𝑖  are the bound coherent neutron scattering lengths of Fe-
matrix and precipitate element 𝑁𝑁 which can be obtained in the literature [127]. 
The detailed coherent neutron scattering lengths of elements in the steels for our 
current work are given in Table 3.2. The atomic density 𝑁𝑁𝛼𝛼 is known to be 8.5 ×1028 𝑚𝑚3, and Nb carbides are believed to have a NaCl-type FCC structure [128, 
129], but the atomic density is also affected by the composition of Nb precipitates.  
 
Table 3.2 Neutron bound coherent scattering lengths of elements in the present work. 
Elements Coherent scattering lengths 
Fe 9.45 
C 6.65 
Si 4.15 
Mn -3.73 
Nb 7.05 
Mo 6.715 
S 2.85 
P 5.13 
N 9.36 
 
1D nuclear and nuclear + magnetic scattering intensities are obtained by radial 
integration, assuming spherical precipitates. Figure 3.7 provides an example of 
the nuclear and nuclear + magnetic scattering intensities of the Nb as-cast 
samples in our examined 𝑞𝑞-range. These scattering intensities can be expressed 
as [130]: 
       𝐼𝐼𝑛𝑛𝑛𝑛𝑐𝑐𝑛𝑛+𝑚𝑚𝑒𝑒𝑚𝑚(𝑞𝑞) = ∫ 𝑓𝑓(𝑅𝑅)[(∆𝜌𝜌𝑛𝑛𝑛𝑛𝑐𝑐𝑛𝑛∞0 + ∆𝜌𝜌𝑚𝑚𝑒𝑒𝑚𝑚)𝑉𝑉𝑝𝑝(3 sin(𝑞𝑞𝑅𝑅)−𝑞𝑞𝑅𝑅 cos(𝑞𝑞𝑅𝑅)(𝑞𝑞𝑅𝑅)3 )]2       (3-4) 
               𝐼𝐼𝑛𝑛𝑛𝑛𝑐𝑐𝑛𝑛(𝑞𝑞) = ∫ 𝑓𝑓(𝑅𝑅)[∆𝜌𝜌𝑛𝑛𝑛𝑛𝑐𝑐𝑛𝑛∞0 𝑉𝑉𝑝𝑝(3 sin(𝑞𝑞𝑅𝑅)−𝑞𝑞𝑅𝑅cos(𝑞𝑞𝑅𝑅)(𝑞𝑞𝑅𝑅)3 )]2                   (3-5) 
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where 𝑓𝑓(𝑅𝑅) is the function of the precipitate size distribution. 𝑉𝑉𝑝𝑝 and R are the 
volume and radius of the scattering precipitates. 
 
Figure 3.7 The 1D nuclear and nuclear + magnetic scattering intensities of the Nb 
as-cast sample as a function of 𝑞𝑞.  
 
2) Kratky analysis 
When 𝑞𝑞 → 0, the scattering intensities of equation (3-4) and (3-5) can be 
approximated by the Guinier approximation at small angles [131]:  
                     𝐼𝐼𝑛𝑛𝑛𝑛𝑐𝑐𝑛𝑛+𝑚𝑚𝑒𝑒𝑚𝑚 ≈ [(∆𝜌𝜌𝑛𝑛𝑛𝑛𝑐𝑐𝑛𝑛 + ∆𝜌𝜌𝑚𝑚𝑒𝑒𝑚𝑚)𝑉𝑉𝑝𝑝]2exp (−𝑞𝑞2𝑅𝑅𝑚𝑚2 3� )             (3-6) 
                       𝐼𝐼𝑛𝑛𝑛𝑛𝑐𝑐𝑛𝑛 ≈ (∆𝜌𝜌𝑛𝑛𝑛𝑛𝑐𝑐𝑛𝑛𝑉𝑉𝑝𝑝)2exp (−𝑞𝑞2𝑅𝑅𝑚𝑚2 3� )                                (3-7) 
where 𝑅𝑅𝑚𝑚  is the Guinier or gyration radius. Thus, these equations make it 
possible to measure the Guinier size of particles from the scattering vector 𝑞𝑞𝑚𝑚𝑒𝑒𝑚𝑚 
where the product I ∙ 𝑞𝑞2 goes to a maximum: 
                                      𝑅𝑅𝑚𝑚 = √32 /𝑞𝑞𝑚𝑚𝑒𝑒𝑚𝑚                                          (3-8)    
Precipitates volume fraction can be determined by the integration of the Kratky 
plot over the full q-range, which can be expressed as follows [130]: 
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                                  𝑓𝑓𝑣𝑣 = ∫ 𝐼𝐼𝑞𝑞2𝑑𝑑𝑞𝑞 2𝜋𝜋2∆𝜌𝜌2⁄                                     (3-9) 
 
Analysis for the as-cast conditions 
An example of Kratky representations (𝐼𝐼𝑞𝑞2 vs 𝑞𝑞) of the scattered samples is 
shown in Fig. 3.8. Pure iron samples was used for absolute calibration due to its 
precipitate-free matrix. Thus, pure iron was only able to generate nuclear 
contrast by SANS. The difference between the nuclear scattering signal and the 
pure iron signal comes from the formation of precipitates and microstructural 
defects which were produced during strip casting. Based on the previous result 
from our research group [70] and current work, Nb as-cast samples were believed 
to be free from Nb precipitates due to fast solidification and cooling rates. 
Therefore, the difference between the as-cast nuclear scattering signals and pure 
Fe signal comes from the coarse particles such as sulphides (low q-range), and 
microstructural defects such as dislocations (High 𝑞𝑞-range) [132, 133].  
 
 
Figure 3.8 Kratky plots of the nuclear and nuclear + magnetic SASN scattering 
intensities of the Nb as-cast and pure iron samples.  
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Looking to the normalised Kratky plot of the Nb as-cast steel, as shown in Fig. 
3.9, at the low 𝑞𝑞-range, linear fitting indicates that the particles in the Nb as-
cast steel were too coarse to generate a peak in the selected 𝑞𝑞-range. Thus, a 
quantitative measurement of the coarse particle produced during strip casting 
process by SANS will not be able to be provided. At high 𝑞𝑞-range, the slight 
fluctuation of normalised signal was affected by the defects caused by direct strip 
casting with rapid solidification and cooling rates. 
 
 
Figure 3.9 Normalised Kratky plots of the nuclear intensities of the Nb as-cast by 
subtracting the pure iron intensity.  
 
Analysis for the coiled and aged samples 
For the study of precipitates formed during heat treatments, more intense 
nuclear + magnetic scattering intensities of coiled and aged steels were used to 
compare with the as-cast signals. An example of Kratky representations of 
nuclear + magnetic scattering intensities of the Nb as-cast and the Nb aged 
samples is given in Fig. 3.10. At low 𝑞𝑞 values, the difference between two signals 
corresponds to the coarse particles, such as cementite as predicted by Thermo-
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Calc calculation. Meanwhile, there is a clear change in the intensity at high q-
range, which reveals that the formation of small Nb precipitates. 
 
Figure 3.10 1D Kratky plots of the nuclear + magnetic scattering intensities for the 
Nb steel after ageing at 650°C for 0 s (as-cast) and 10000 s.  
 
After subtracting the as-cast signal, the normalised Kratky plot (Fig. 3.11) shows 
that at low 𝑞𝑞 values, the particles which are modelled linearly were too coarse 
to have a peak in the examined 𝑞𝑞-range. Thus, the size and volume fraction of 
those coarse particle were not determined in current work. However, at high q-
range, 𝑞𝑞𝑚𝑚𝑒𝑒𝑚𝑚,where the product 𝐼𝐼𝑞𝑞2 reaches the maximum value, can be very well 
identified. As a result, the average size of Nb precipitates can be achieved by 
equations 3-8. In order to extract the volume fraction of Nb precipitates by 
equation 3-9, corresponding scattering contrast factor ∆𝜌𝜌𝑛𝑛𝑛𝑛𝑐𝑐𝑛𝑛+𝑚𝑚𝑒𝑒𝑚𝑚 is required. 
According to equations 3-2 and 3-3, ρ𝑁𝑁𝑏𝑏−𝑝𝑝𝑟𝑟𝑒𝑒𝑐𝑐𝑖𝑖𝑝𝑝𝑖𝑖𝑚𝑚𝑒𝑒𝑚𝑚𝑒𝑒𝑛𝑛𝑛𝑛𝑐𝑐𝑛𝑛  requires the chemistry of 
precipitates which can be obtained from APT. Thus, the nuclear scattering 
contrast factor ∆𝜌𝜌𝑛𝑛𝑛𝑛𝑐𝑐𝑛𝑛  can be calculated. Consequently, nuclear + magnetic 
scattering contrast factor ∆𝜌𝜌𝑛𝑛𝑛𝑛𝑐𝑐𝑛𝑛+𝑚𝑚𝑒𝑒𝑚𝑚 can deduced by equation 3-1.  
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Figure 3.11 Normalised Kratky plots of the nuclear + magnetic intensities of the Nb 
steel after ageing at 650°C for 10000 s by subtracting the as-cast signal. 
 
3.4.3 Atom probe tomography 
Atom probe tomography (APT) is a powerful technique that provides three-
dimensional images at near atomic level and so offers a fundamental insights into 
both the atomic structure and chemical composition of objects. Essentially, APT 
exploits field evaporation to ionise and evaporate the atoms from the surface of 
a needle-shaped specimen, relies on time-of-flight mass spectroscopy to identify 
the chemical species, and uses a positive-sensitive detector to record the spatial 
coordinates of each detected ion. This section will present: APT specimen 
preparation, data reconstruction and data analysis. 
 
3.4.3.1 Instrument 
The APT instrument employed in this work is a Local Electrode Atom Probe 
LEAP 4000X HR. A schematic set-up for APT is shown in Fig. 3. 12, which 
basically comprises specimen stage, local electrode and detector. This set-up is 
in an ultra-high vacuum analysis chamber with a base press blow 10-10 Torr. The 
 57 
 
specimen is mounted on the stage in front of the electrode. A high voltage power 
is connected to the specimen and the electrode to evaporate ions from the 
specimen. Ions generated by field evaporation are collected by 2-dimensional 
detector which allows the simultaneously measure the Time OF Flight of the 
ions and the (X, Y) positions of the ions. A detailed description for APT 
instrument can be found in books by Gault et al. [134] and Larson at al. [135]. 
 
 
Figure 3.12 Schematic setup for atom probe tomograph [136]. 
 
3.4.3.2 APT specimen preparation 
APT specimen is required to be needle-shaped with a radius of curvature at 
specimen apex approximately ~ 50-100 nm, in order to obtain a sufficient field 
strength for field evaporation. In the present work, two-stage electropolishing 
was carried out for APT specimen preparation, due to its relatively easy and fast 
process.  
Prior to electropolishing, samples were mechanically ground to a uniform 
thickness of 0.3 mm by using silicon carbide papers. Then, blanks (~ 0.3 mm × 
0.3 mm × 10-20 mm) were prepared by cutting from the ground samples by 
using a Struers Accutom 50. At least 4 blanks were prepared for each condition. 
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In the first “rough electropolishing” stage, the blank was polished roughly until 
a sharp tip was obtained. This was done by using the set-up as shown 
schematically in Fig. 3.13. The blank was fixed tightly to a copper tube and 
connected to the negative end of a DC power supply. The positive end was 
connected to a gold wire loop immersed in an electrolyte solute of 10% perchloric 
acid. The blank was then moved vertically in and out of the solution. The voltage 
used in our work was approximately 20-25 V. Once finished, the polished 
specimen was cleaned by ethanol and dried by dust-remover.  
 
 
Figure 3.13 Schematic of the rough electropolishing set-up. 
 
The second step of sample preparation, termed “micro electropolishing”，is 
performed under an optical microscope using an electrolyte solution of 2% 
perchloric in 2-butoxyethanol. The set-up of micro polishing is schematically 
given in Fig. 3.14. The sample was moved horizontally in and out of a gold wire 
loop with an electrolyte suspension, until the desired curvature is attained. The 
DC voltage used in this work varied from 4-15 V depending on the sharpness of 
the tip. Once completed, the specimen was cleaned by ethanol and dried by dust 
remover. 
 59 
 
 
Figure 3.14 Schematic of the micro electropolishing set-up. 
 
In order to protect fresh specimen from oxidation, the specimen was immediately 
delivered into the load-lock chamber of the Local Electrode Atom Probe (LEAP 
4000x HR) at Deakin University. The pressure was pumped down by a 
turbomolecular pump. The specimen was moved into the buffer chamber when 
the pressure was below 3 × 10-8 Torr. The specimen was moved into the analysis 
chamber when the pressure of the buffer chamber was below 7 × 10-9 Torr, and 
then cryogenically cooled down to 60 K. Visual alignment between the testing 
specimen and local electrode was done by two built-in microscopies, as shown in 
Fig. 3.15. Atom probe data collection was undertaken with a pulse fraction of 
20% and a pulse repetition rate of 200 kHz. The detection rate was set to 0.5%. 
The atom probe analysis was run under a vacuum less than 9.5 × 10-11 Torr.  
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Figure 3.15 An image showing a aligned tip with local electrode. 
 
3.4.3.3 Reconstruction 
APT data reconstruction was performed by using the CAMECA Integrated 
visualization and analysis software (IVAS). The IVAS 
Calibration/Reconstruction Wizard provides step-by-step guidance to convert 
raw data into reconstructed spatial positions and chemical identities [135]. In 
this work, the voltage evolution mode was used. Three types of parameters were 
defined: instrument parameters, material parameters and specimen parameters.  
Instrument parameters: Detector efficiency ξ = 0.42.  
Material parameters: Evaporation field of primary element Fe = 22 V/nm at 60 
K, and density of 3D reconstruction Fe = 7.8 g/cm3.  
Specimen parameters: Default image compression factor of 1.40. Initial tip radius 
R0 and radius evolution are determined by:  
                                             𝑅𝑅 = V/𝑘𝑘F                                       (3-10) 
where V is applied voltage of the specimen, F is the electric field, 𝑘𝑘 factor (= 
4.3) and R is the specimen tip radius. Initial radius of tip can be estimated based 
on the initial voltage using equation 3-10. 
It should be mentioned that the imperfect detector efficiency is a stochastic loss 
[135] but it does not affect composition determination since it is independent of 
atomic density. In addition, the underdetected atoms due to the imperfect 
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detector efficiency are taken in to account for accurate reconstruction of 
tomographic volumes [134].  
Figure 3.16 shows an example of 3D reconstructed atom maps of Nb and NbN 
ions for the Nb steel aged for 10000 s at 650°C, using the reconstruction 
parameters.  
 
 
Figure 3.16 An example of 3D reconstructed atom maps of the Nb steel aged for 10000 
s at 650°C, dimension: 60 × 61 × 120 nm3. Brown is Nb atoms and green is NbN ions. 
 
3.4.3.4 Mass spectrum 
Identifying chemical species reasonably is a key step of APT data analysis for 
chemical composition by recording their time-of-flight (TOF, time between the 
start of the initial voltage pulse and ion arrival at the detector). The conversion 
of TOF into the mass-to-charge ratio ( 𝑚𝑚 𝑀𝑀⁄  ) was performed by equating the 
potential energy 𝑀𝑀𝑛𝑛𝑉𝑉 to the kinetic energy 1
2
𝑚𝑚𝑣𝑣2 [135]:  
                                           𝑀𝑀𝑛𝑛𝑉𝑉 = 1
2
𝑚𝑚𝑣𝑣2                                     (3-11) 
and so 
                                           𝑚𝑚
𝑛𝑛
= 2𝑒𝑒𝑒𝑒
𝑒𝑒2
𝑡𝑡2                                       (3-12) 
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where n is the charge state, e is the electron charge, V is the total applied 
specimen voltage during evaporation, 𝑣𝑣 is the speed, d is the distance of flight 
and t is the time of flight.  
Peak identification within the mass spectrum seems to be a simple task, but the 
assignment can be complicated since a small change in ranging choices can have 
a significant influence on the final chemical composition. Also, peak overlays 
makes peak identification and ranging more difficult. For instance, in the current 
work, 14N+ and 28Si2+ overlap at 14 Da. However, peak deconvolution algorithm 
in IVAS based on using natural abundances of the isotopic peaks provides a 
useful way to accurately determine the chemical composition where peak overlap 
occurs. In this work, the peak at 14 Da was assigned as 28Si2+ after the 
examination of neighbouring peaks, 15 and 16 Da, with respect to the nature 
isotopic abundances. 
 
3.4.3.5 Cluster identification 
In order to extract quantitative atomic-scale information about clusters formed 
during the early stage of precipitation, numerous cluster identification methods 
or algorithms have been developed [134, 135, 137, 138]. It is important to point 
out that there is no universal cluster identification algorithm, also, depending on 
the different purposes, different methods will be applied. Among algorithms, 
maximum separation method is the most widely used for identifying clusters [134, 
138, 139]. In addition, the advantage of maximum separation method is that it 
is easily access to every LEAP user. Maximum separation method is based on 
the principle that any two solute atoms within a cluster have a smaller spacing 
than that in the matrix [134, 135, 139]. The maximum separation method 
determines solute atoms belonging to a cluster depending on that if the distance 
between a solute atom of the clustered species and its nearest neighbour is 
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smaller than a distance, dmax. Therefore, selection of parameters for maximum 
separation method is very critical for cluster-finding,  if dmax is too large, two or 
more neighbouring clusters will be identified as a single large cluster, on the 
contrary, a cluster may be divided into several small clusters [134]. Additionally, 
in some cases, both large precipitates and small clusters co-exist in one data 
volume, which requires two different parameters. In this work, a two-step data 
mining approach was used for cluster identification. The data mining approach 
employed a density-based clustering technique (DBSCAN), which is based on 
the maximum separation method. In this technique, the clustered atoms were 
defined by applying a Kth order nearest neighbour distance. 
 
(1) finding large precipitates 
In this step, the frequency histograms of Kth nearest neighbour distribution (K-
NND) of selected solute atoms or species from experimental and random data, 
was used to determine the distance parameter, dmax. Firstly, it should be noted 
that there is no “correct” value for the distance parameter, dmax, but there are 
lots of wrong ones [138]. In the current work, the method given by Marceau [140] 
was adopted, such that the threshold distance value, dmax, is chosen at the 
greatest difference between the experimental and random labelled K-NND’s. 
Randomised data was produced from the experimental data, in which the atoms 
were maintained at the same position while the chemical identities of the atoms 
were randomly rearranged [141]. To illustrate the parameter selection, cluster 
identification for the Nb steel aged for 10000 s at 650°C is taken as an example. 
The comparison of the frequency histograms of Kth nearest neighbour distribution 
(K=1, 2, 3, 5) is provided in Fig. 3.17.  
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Figure 3.17 Kth nearest neighbour frequency histograms of distance between Nb atoms 
and NbN species in the Nb steel aged for 10000 s at 650°C. 
 
NbN ions and Nb atoms were selected as solute atoms for cluster-finding, since 
significant segregation of NbN and Nb atoms were observed in the data volume, 
as shown in Fig. 3.16. The nearest neighbour distribution histograms in Fig. 3.17 
show that all Kth nearest neighbour distributions (K-NND) have a bimodal 
frequency distribution, which illustrates the existance of large precipitates and 
small clusters. The distances (dmax) were determined to be 0.98, 1.5, 1.73 and 
2.38 nm for the distances between the first, second, third and fifth nearest 
neighbour solute atoms, respectively. A minimum number of atoms in the cluster 
was defined, Nmin = 2. The output of maximum separation method by using Kth 
nearest neighbour distances for the Nb steel aged at 650°C for 10000 s are listed 
in Table 3.3. Interestingly, when 𝐾𝐾 ≥ 2, the results of maximum separation 
method were quite similar, while the size of precipitates found by using 1NN 
nearest neighbour frequency histogram was relatively lower. Large precipitates 
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in this data volume was also found by using 1.2 at.% Nb iso-concentration 
surfaces with IVAS, and this result confirmed that the largest precipitates 
contained 385 NbN and Nb atoms which was similar to the results of maximum 
separation methods by using Kth (𝐾𝐾 ≥ 2) nearest neighbour distances. In this 
work, 2NN distance was used for all precipitate identification. At this step, large 
features were removed by filtering Nmin which was determined by the comparison 
between the number of iso-concentration surfaces and the number of larger 
precipitates found by using 2NN maximum separation method. 
 
Table 3.3 Comparison of maximum separation method results of Kth nearest neighbour 
frequency distribution in the Nb steel aged at 650°C for 10000 s. 
1NN   maximum separation 2NN maximum separation 
Size 
(number of atoms) Frequency 
Size 
(number of atoms) Frequency 
2 110 3 18 
3 21 4 4 
4 11 31 1 
. 
. 
. 
. 
. 
. 
. 
. 
. 
. 
. 
. 
68 1 101 1 
72 1 120 1 
84 1 174 1 
92 1 182 1 
131 1 210 1 
142 1 235 1 
216 1 387 1 
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3NN   maximum separation 5NN maximum separation 
Size 
(number of atoms) Frequency 
Size 
(number of atoms) Frequency 
4 4 6 1 
32 1 33 1 
33 1 36 1 
. 
. 
. 
. 
. 
. 
. 
. 
. 
. 
. 
. 
102 1 106 1 
119 1 173 1 
168 1 178 1 
174 1 209 1 
205 1 243 1 
236 1 258 1 
380 1 396 1 
 
(2) finding small clusters 
The Kth nearest neighbour frequency histograms of distance between Nb atoms 
and NbN species in the Nb steel after ageing for 100 s at 650°C are shown in Fig. 
3.18. It can be seen that 1NN distance identifies clusters when distance = 0 nm. 
This is probably because NbN molecular ions were wrongly considered as clusters 
using 1NN distance. Additionally, Kth-NN (K>2) distributions were more 
sensitive to fine-scale clusters. In this work, after large precipitates were removed, 
cluster identification was carried out also by using 2NN maximum separation 
method. 2NN distance was determined by the heuristic method in the last section 
(by comparing the 2NN frequency distribution of the experimental and random 
data). A minimum number of atoms in a cluster, Nmin = 2, was selected. In order 
to minimise the influence of the intrinsic imperfections of the current atom probe 
tomography technique, ‘experimental-minus-random’ method [142] was applied 
by comparing the experimental outcome with the result of random labelled data 
(which was obtained by applying the same parameters for the cluster analysis).  
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Figure 3.18 Kth nearest neighbour frequency histograms of distance between Nb atoms 
and NbN species in the Nb steel after aged for 100 s at 650°C. 
 
3.4.3.6 Analysis of clusters 
Once clusters in the APT data have been identified by using data mining 
approach described in the last section, cluster analysis in the following areas was 
carried out: number density evolution, cluster size distribution and cluster 
chemistry evolution. 
The number density of clusters of each size (number of atoms) was calculated 
by using equation [143]: 
                               𝑀𝑀𝑣𝑣 = (𝑁𝑁𝑝𝑝𝜁𝜁)/(𝑁𝑁𝑣𝑣𝑣𝑣𝑛𝑛Ω)                               (3-13) 
where 𝑀𝑀𝑣𝑣 is the number density of clusters, 𝑁𝑁𝑝𝑝 represents the number of clusters 
detected, 𝑁𝑁𝑣𝑣𝑣𝑣𝑛𝑛  is the total number of detected volume, 𝜁𝜁  is the detection 
efficiency and Ω is the average atomic volume. In this work, 𝜁𝜁 is 0.42 and Ω is 
85 atoms/nm3 for BCC iron.  
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The radius of gyration, 𝑙𝑙𝑚𝑚, can be calculated by the equation [135]: 
                          𝑙𝑙𝑚𝑚 = �𝑅𝑅𝑚𝑚−𝑚𝑚2 + 𝑅𝑅𝑚𝑚−𝑦𝑦2 + 𝑅𝑅𝑚𝑚−𝑧𝑧2                     (3-14) 
where 𝑅𝑅𝑚𝑚−𝑚𝑚, 𝑅𝑅𝑚𝑚−𝑦𝑦 and 𝑅𝑅𝑚𝑚−𝑧𝑧 represents that the radius of gyration of clusters in 
x, y and z direction, respectively. Assuming clusters have a spherical shape, the 
Guinier radius, 𝐶𝐶𝑀𝑀, can be converted from the radius of gyration (𝑙𝑙𝑚𝑚), by the 
following equation [135]: 
                                  𝐶𝐶𝑀𝑀 = �35 𝑙𝑙𝑚𝑚                                        (3-15)  
The solute cluster chemistry evolution was achieved by measuring the ratio of 
cluster solute species for the experimental and random data [141]. And, the ratio 
of the experimental and random output was calculated.                            
 
3.4.4 Hardness test 
Hardness tests were carried out for all conditions by using a HWDV-7S Vickers 
Hardness Tester under a 1kg load with a 30 s loading time at room temperature. 
Seven tests were measured with an interval of 0.5 mm. The maximum diagonal 
width of the tested indentations was around 90 µm which was 1.5 times less than 
the thickness of the hardness samples, satisfying the requirement of ASTM 
Standard E92-82 [144]. Average values were finally reported with standard 
deviations.         
 
3.4.5 Shear punch test 
The shear punch test apparatus consists of a punch with 3 mm in diameter, a 
die of 3.2 mm in internal diameter providing a clearance of 0.1 mm. At least two 
tests were carried out for each condition. 
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As-cast and aged samples were ground to ~ 0.5 mm in thickness and held on the 
die set. The whole apparatus was mounted in the Instron 5967 with a 30 kN load 
cell. The punch was moved at a constant cross head velocity of 4.34×10-3 mm·s-
1. The displacement of the punch was detected by a camera. Initial video axial 
strain gauge length, load, extension, and video axial strain were recorded.  
The shear strain was calculated using the following expression: 
                                           γ = ε𝑙𝑙0 𝑐𝑐⁄                                        (3-17) 
where ε is the video axial strain, c represents the clearance between the die set 
and punch, and 𝑙𝑙0 is the initial video axial strain gauge length.  
The shear stress was calculated by:    
                                         τ = (𝑃𝑃 − 𝑓𝑓) (𝜋𝜋𝐷𝐷𝑡𝑡)⁄                                (3-18) 
where P is the load on the punch, f is the frictional load, D and t represent the 
diameters of the punch and the thickness of the tested sample, respectively.  
The shear stress curves with the function of shear strain were plotted by using 
Origin 9, and the equivalent tensile yield stress σ𝑒𝑒𝑞𝑞 can be estimated from the 
maximum shear stress τ by [145]: 
                                             σ𝑒𝑒𝑞𝑞 = τ × √3                                   (3-19) 
 
3.4.6 Nano-hardness test 
The hardness of the individual constituents were evaluated using nano-
indentation in a HYSITRON Nano-indentation apparatus equipped with a 
Berkovich probe. The test was conducted at a constant load of 3 mN, and the 
indents were made in a grid (20 * 10) with a spacing of 10 µm between each 
indent. 
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3.4.7 Dilatometer test 
Specimens for dilatometer test were cut into Φ 3mm × 10 mm cylinders. A DIL 
805A/D dilatometer manufactured by TA Instruments was used. Prior to the 
test, a 1200 grit silicon carbide abrasive paper was used to remove the oxide 
layers on the specimen surface. The whole testing was performed under a vacuum 
of 5.0 × 10-4 mbar. Once the pressure was reached, the specimen was heated to 
1150°C with a heating rate of 10 °C/s. The specimen was maintained at 1150°C 
for 2 minutes, followed by continuous cooling to room temperature at various 
cooling rates, 100, 50, 10, 1, 0.1 K/s. Temperature, time and dilation were 
recorded.  
Figure 3.19 shows an example of cooling curve of the Nb steel with a cooling rate 
of 100 K/s. Any changes in slope of the cooling curve indicates phase 
transformations. 
 
Figure 3.19 An example of continuous cooling curve plotted as temperature versus 
time for the Nb steel with a cooling rate of 100 K/s. 
 
Figure 3.20 gives the dilation curve at various temperature for 100 K/s cooling 
schedule for the Nb steel. Generally, the slope of dilation curve remains constant 
or unchanged when amount of phase or the relative amount of phase in a mixture 
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microstructure does not change during cooling. The constant change in dilation, 
such as from a to b (Fig. 3.20) which illustrates sample shrink, is the pure 
thermal shrink caused by change in temperature. However, the slope of dilation 
changes at the temperature, Ts, which corresponds to the start of a phase 
transformation. The phase transformation finishes at the temperature, Tf. After 
that, the dilation slope keeps a constant value again (from c to d) which is also 
the thermal shrink simply by change in temperature. Transformation 
temperatures (Ts and Tf) were measured at each dilation curve with various 
cooling rates for two compositions. Continuous-Cooling-Temperature (CCT) 
curves were plotted based on the cooling curves and the measured temperatures 
of phase transformations. 
 
 
Figure 3.20 An example of dilation curve as a function of temperature for the Nb 
steel with a cooling rate of 100 K/s. 
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Chapter 4 Mechanical Properties 
 
4.1 Introduction 
In this chapter, the mechanical properties are evaluated using hardness and shear 
punch tests for the Nb and Nb-Mo steels after heat treatments at 650, 700 and 
900°C for various times. 
 
4.2 Hardness results 
Figure 4.1 displays the macro hardness evolution for the Nb and Nb-Mo steels 
aged at 650°C for various times. It is revealed that hardness in both steels 
increased during ageing and reached the peak value at 500 s. For the first 100 s, 
the hardness values of the two steels were quite similar. After 500 s, the hardness 
of both alloys reduced with time. For ageing times greater than 100 s, the Nb-
Mo steel showed higher hardness values than the Nb steel. However, after long 
ageing times the hardness of the Nb and Nb-Mo steels became similar (~ 215 
HV) due to over-ageing. 
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Figure 4.1 Hardening curves for the Nb and Nb-Mo steels aged at 650°C. 
 
The macro hardness evolution for the Nb and Nb-Mo steels coiled at 700°C for 
various times is shown in Fig. 4.2, which reveals that the hardness values of the 
Nb and Nb-Mo steels increased with coiling at 700°C and reached the peak value 
at 100 s. The peak hardness for the Nb and Nb-Mo steels were ~ 212 and 228 
HV respectively. After peak ageing, the hardness dropped markedly for both 
alloys. Finally, after 10000 s coiling at 700°C, the hardness dropped to 184 and 
196 HV for the Nb and Nb-Mo steels respectively, which were lower than that 
of the as-cast values (~ 201 HV). In general, the Nb-Mo steel had higher hardness 
values than the Nb steel during coiling at 700°C. 
 
 
Figure 4.2 Hardening curves for the Nb and Nb-Mo steels coiled at 700°C. 
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Figure 4.3 shows the hardness values for the Nb and Nb-Mo steels coiled at 
900°C for different times. It can be seen that the hardness increased slowly when 
the coiling time was less than 3000 s. Peak hardness was achieved for both alloys 
at 3000 s, about 229 (Nb steel) and 248 (Nb-Mo steel) HV. The hardness of both 
steels then decreased after 10000 s coiling in this over-aged condition. 
 
 
Figure 4.3 Hardening curves for the Nb and Nb-Mo steels coiled at 900°C. 
 
Hardness evolutions for the Nb and Nb-Mo steels after isothermal heat treatment 
at 650°C, 700°C and 900°C, are compared in Fig. 4.4. It can be seen that for 
both alloys the ageing treatment at 650°C had the greatest hardening response, 
followed by the coiling treatment at 900°C. This probably due to the finer 
precipitates with a denser distribution formed at lower temperatures. The coiling 
treatment at 700°C caused the lowest hardening effect in both steels, which was 
probably caused by the co-effect of precipitation hardening and microstructural 
softening. Furthermore, the ageing treatment at 650°C had a faster hardening 
than the coiling at 900°C for both alloys. During coiling at 700°C the peak 
hardness value was reached earlier for both steels compared to the other two 
heat treatments, and subsequently the hardness also decreased earlier. This was 
probably due to the formation of softer phases during coiling at 700°C. 
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Figure 4.4 Hardening curves for the Nb and Nb-Mo steels after isothermal heat 
treatments at 650, 700 and 900°C. 
 
4.3 Shear punch results 
Figure 4.5 shows the shear punch results of the Nb and Nb-Mo steels aged at 
650°C with the equivalent tensile strength. It can be seen that the shear stress 
curves for the Nb steel aged at 650°C were quite close (Fig. 4.5 a), while for the 
Nb-Mo steel aged at 650°C, significant increase in stress (Fig. 4.5 b) occurred for 
ageing times of 100 and 500 s. At longer ageing times of 1000 and 10000 s, the 
shear stress for the Nb-Mo steel decreased again. From Fig. 4.5 c, it can been 
seen that the equivalent tensile stress for the Nb and Nb-Mo steels aged at 650°C 
reached the peak value at 500 s, being ~ 784 and 889 MPa respectively. 
Importantly, the Nb-Mo steel aged at 650°C had a much stronger age hardening 
increment than the Nb steel, just over 100 MPa.  
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Figure 4.5 Shear punch results for the (a) Nb and (b) Nb-Mo steels aged at 650°C 
and (c) the equivalent tensile stress for the two steels. 
 
4.4 Summary and conclusions 
The mechanical properties of the two steels, the Nb steel and the Nb-Mo steel, 
have been examined after coiling at three different temperatures. It has been 
found that: 
• In the as-cast condition, both alloys showed similar hardness values. 
• When aged at 650°C, the hardness values for both steels initially 
increased and reached peak values at 500 s. Further ageing at 650°C 
resulted in a significant drop in the hardness of both alloys, probably due 
to over-ageing. Comparing the two steels, the Nb-Mo steel showed a 
higher hardness than the Nb steel for ageing times larger than 100 s.  
• Shear punch results for the samples aged at 650°C showed slightly 
different results to the hardness testing. Although the peak strength was 
found at the same ageing time of 500 s, the shear punch testing showed 
a larger strength increase for the Nb-Mo steel after 100 and 500 s ageing 
time.  
• When coiled at 700°C, the hardness for both alloys increased with time, 
with the peak hardness being obtained at 100 s. After that, the hardness 
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for both steels decreased. When coiled at 700°C, the Nb-Mo steel had a 
higher hardness than the Nb steel. 
• When coiled at 900°C, both steels achieved the peak hardness at 3000 s. 
And the hardness for Nb-Mo steel coiled at 900°C was higher than that 
for the Nb steel.  
• Ageing treatment at 650°C generated a stronger and faster hardening 
effect than coiling treatment at 700 and 900°C for the Nb and Nb-Mo 
steels.  
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Chapter 5 Microstructural Analysis 
 
5.1 Introduction 
In this chapter, the microstructural development of the two alloys in the as-cast, 
aged and coiled conditions are described. The microstructures are investigated 
at various length scales using optical microscopy, scanning electron microscopy 
(SEM) and electron backscatter diffraction (EBSD). These analyses are used to 
quantify the differences between the two alloys, and therefore to determine the 
effect of Mo on the microstructural development. The measurements have been 
augmented with dilatometry to further study the differences in the phase 
transformation between the alloys. 
 
5.2 Microstructural characterisation 
5.2.1 As-cast microstructure 
5.2.1.1 Optical microscopy 
Optical micrographs of the as-cast microstructure after air-cooling (without any 
subsequent treatment) are presented in Fig. 5.1. These micrographs show the 
morphologies of phases on the cross-section of as-cast strips. Consistent with 
previous literature [1, 2, 146], the as-cast microstructure of the steels was fully 
bainite (B).  
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Figure 5.1 Optical micrographs of the as-cast microstructure (solidification direct-SD 
is shown by the arrow). 
 
5.2.1.2 Electron microscopy 
Figure 5.2 presents the backscattered SEM micrographs of the as-cast 
microstructure of the two alloys. In Fig 5.2 a & b, bainitic ferrite can be clearly 
observed by the parallel lath-shaped grains, and appear to nucleate at the prior 
austenite grain boundaries. Figure 5.2 c shows that laths of bainitic ferrite with 
a high dislocation density can be seen, the grain boundary allotriomorphs 
appeared to have a lower dislocation density. Apart from the morphologies of 
phases, some dispersely distributed fine and spherical particles in the as-cast 
microstructure were observed such as those seen in Fig. 5.2 d. The average sizes 
of particles in the two steels were around 391 and 387 nm respectively, and the 
corresponding area densities were 2.8 × 109 m−2 and 3.1 × 109 m−2. 
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Figure 5.2 Backscattered SEM micrographs of the as-cast microstructure of the two 
steels, (a) & (b) present the lath-structure of bainite (B), (c) shows the high dislocation 
density and (d) shows some heterogeneously distributed spherical particles which are 
shown by the red arrows. (solidification direction-SD for both alloys are shown by the 
black arrow in (a).)  
 
Figure 5.3 shows the energy dispersive spectroscopy (EDS) examination of the 
composition of the spherical particles that were observed in the as-cast 
microstructure, as shown in Fig. 5.2 d. The particles were identified as complex 
oxides, rich in manganese (Mn), aluminium (Al) and silicon (Si), while no 
significant sulphur (S), carbon (C) and nitrogen (N) were detected. 
 
5.2.1.3 Summary of as-cast microstructure 
Through optical microscopy and SEM observations, the as-cast microstructure 
of both alloys was shown a lath-like bainitic morphology with some complex 
oxides formed during strip casting. To conclude, none of these analyses from 
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different length scales showed a significant difference in appearance between the 
microstructures for the two as-cast alloys. 
 
 
Figure 5.3 EDS result of spherical particles in the Nb as-cast steel. 
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5.2.2 Microstructure after ageing at 650°C 
5.2.2.1 Optical microscopy 
Figure 5.4 presents the optical micrographs of the two alloys aged at 650°C for 
10 and 10000 s. It can be seen that after ageing at 650°C the microstructures of 
both steels were similar to the as-cast microstructure. It can be seen that a short 
time ageing did not introduce any noticeable change compared to the original 
microstructures in both alloys, the lath-structure of bainite was still visible. 
However, as the ageing time increased, the optical micrographs show that the 
lath boundaries of the bainite became less well defined. This was further 
investigated with EBSD, Fig. 5.6.  
 
             
Figure 5.4 Optical micrographs of aged steels at 650°C for 10 and 10000 s (solidification 
direction is shown by the arrow). 
 
5.2.2.2 Electron microscopy 
Closer observation of the aged microstructure was carried out by SEM. As seen 
in Fig. 5.5, the lath-like bainitic structure can clearly be observed. The 
HV 205 HV 202 
HV 216 HV 215 
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estimated lath width in both alloys was about 2 microns. EBSD examination 
for the microstructures of the Nb and Nb-Mo steels aged for 10000 s at 650°C 
is shown in Fig. 5.6. An as-cast EBSD map is also shown for each steel to 
compare the microstructures. It can be seen that no significant change was 
observed between the as-cast microstructure and the 10000 s aged 
microstructure.  
 
  
Figure 5.5 Backscattered SEM micrographs of aged microstructure of the two aged 
steels for 10000 s at 650°C, (the red arrow in (c) show the existence of precipitates). 
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Figure 5.6 EBSD images of the alloys in the as-cast condition (a) the Nb steel and (c) 
the Nb-Mo steel; and the alloys aged at 650°C for 10000 s (b) the Nb steel and (d) the 
Nb-Mo steel. (solidification direction - SD is shown by the arrows.) 
 
5.2.3 Microstructure after coiling at 700°C 
5.2.3.1 Optical microscopy 
Figure 5.7 shows the optical micrographs of the two alloys coiled at 700°C for 
100 and 10000 s. It can be seen that after the intermediate cooling treatment at 
700°C the microstructures of both steels were a mixture of polygonal ferrite and 
lath-like phases. Polygonal ferrite (PF) was formed during the phase 
 85 
 
transformation and started at prior austenite grain boundaries. It can be seen 
that the volume fraction of polygonal ferrite increased with coiling time in the 
two investigated alloys. At the conclusion of the isothermal holding at 700°C, 
the retained austenite transformed to bainite during the air cooling processing.  
 
 
Figure 5.7 Optical micrographs of the alloys coiled at 700°C for 100 and 10000 s 
(solidification direction - SD is shown by the arrow). 
 
The volume fractions and sizes of phases measured quantitatively at various 
scales are presented in Fig. 5.8. The formation of polygonal ferrite occurred 
rapidly at this coiling temperature, more than 50% polygonal ferrite had been 
produced after only 1000 s coiling time. After 3000 s, the formation rate of 
polygonal ferrite slowed down for both alloys. After coiling for the longest time 
of 10000 s, the microstructures in the Nb and Nb-Mo steels were almost fully 
polygonal ferrite. It is noteworthy that the steel with Mo added had a lower 
volume fraction of polygonal ferrite when compared with the Nb steel at each 
coiling time. Looking now at the average ferrite grain size, it can be seen that 
for both steels the grain size of polygonal ferrite increased with coiling time, and 
HV 213 HV 228 
HV 184 HV 196 
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in the early stage of phase transformation the size of polygonal ferrite growth 
was rapid. In general, the Nb-Mo steel had a finer polygonal ferrite than the Nb 
steel. To summarise, the volume fraction of polygonal ferrite was lower and the 
average grain size of polygonal ferrite was smaller in the Nb-Mo steel, as 
compared with the Nb steel after coiling at 700 C. 
 
 
Figure 5.8 Quantitative measurement of phases in the steels after coiled at 700°C, (a) 
volume fraction of polygonal ferrite (PF); (b) average grain diameter of polygonal ferrite. 
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5.2.3.2 Electron microscopy 
Closer observation of the microstructure was carried out by SEM, as shown in 
Fig. 5.9. Within the lath-like phase, the SEM analysis shows a high dislocation 
density even after long coiling times.   
 
 
Figure 5.9 Backscattered SEM micrographs of the alloys coiled at 700°C for 10,000 s 
(a) & (c) Nb steel; (b) & (d) Nb-Mo steel. Areas represented in (c) and (d) are shown 
as red dash boxes in (a) and (b) correspondingly. (Note: scale bar changes and 
solidification directions – SD are given by the yellow arrows.). 
 
5.2.3.3 Electron backscatter diffraction 
Since the polygonal ferrite was difficult to be confirmed due to its similar 
morphology to the bainitic ferrite after 100 s coiling at 700°C under optical 
microscopy, electron backscatter diffraction (EBSD) was utilised and the results 
are presented in Fig. 5.10. The EBSD analysis shows that a small amount of 
polygonal ferrite was observed along grain boundaries, with bainite forming in 
the remainder of the microstructure after 100 s coiling at 700°C. Both steels 
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exhibited this behaviour. 
 
 
Figure 5.10 EBSD images of the alloys coiled at 700°C for 100 s. (a) & (b) EBSD band 
contrast images, (c) & (d) all Euler + band contrast + grain boundaries ( 2 pt ≥ 10°, 1 
pt < 10°). solidification direction - SD is shown by the arrows. 
 
5.2.4 Microstructure after coiling at 900°C 
5.2.4.1 Optical microscopy 
Figure. 5.11 shows optical micrographs of the two alloys after coiling at 900°C 
for 100 and 10000 s. The coiled microstructure of both alloys were mainly bainite, 
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which was not too much different to the as-cast microstructure described in the 
last section. It can be seen that with increasing coiling holding time, grain 
boundary allotriomorphs (GBA) were formed only in the Nb steel, but not in 
the steel with Mo addition. The GBA showed a columnar shape and grew parallel 
to the solidification direction, probably along the prior austenite grain 
boundaries.  
 
Figure 5.11 Optical photographs of the alloys coiled at 900°C for 100 and 10000 s. 
 
5.2.2.2 Electron microscopy 
Figure 5.12 is an example of SEM micrographs of the coiled microstructures in 
the Nb and Nb-Mo steels after coiling at 900°C for the longest time (10000 s). 
Figure 5.12 a is a general view of the Nb steel at a low magnification, the red 
arrows highlight the distribution of grain boundary allotriomorphs (GBA) 
which have a dark contrast compared to the surrounding phases. Figure 5.11 c 
presents a section across two austenite grains in the coiled Nb steel. The dashed 
orange line highlights a group of grain boundary allotriomorphs. It can be seen 
that the GBA had a polygonal or equi-axed shape with a size of between 10 
HV 215 HV 223 
HV 210 HV 219 
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and 20 micrometers. From Fig. 5.12 b, the microstructure in the Nb-Mo steel 
after coiling for 10000 s at 900°C showed little difference when compared to the 
as-cast microstructure. At higher magnifications, all samples showed a high 
dislocation density, in Fig. 5.12 d. 
 
 
Figure 5.12 Backscattered SEM micrographs of the alloys coiled at 900°C for 10000 s 
(a) & (c) the Nb steel; (b) & (d) the Nb-Mo steel (The red arrows in (a) show the 
location of grain boundary allotriomorphs, the dashed orange line in (c) outlines the 
morphology of grain boundary ferrite and the yellow arrows show the solidification 
direction-SD.) 
 
5.3 Summary of microstructural observations in the 
Nb and Nb-Mo steels 
The as-cast microstructure in the Nb and Nb-Mo steels were lath-like bainite, 
no significant difference between the two alloys were observed. 
Figure 5.13 provides the microstructure for both alloys coiled/aged for 10,000 s 
at 900, 700 and 650°C. The microstructure of the Nb and Nb-Mo steels after 
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coiling at 900°C were similar to the as-cast microstructure which was bainite. 
However, at the longest coiling time a small amount of grain boundary ferrite 
was formed in the Nb steel, but not in the Nb-Mo steel. After coiling at 700°C, 
polygonal ferrite was produced in both steels, and increased in volume fraction 
with coiling time. Bainite formed in the rest of matrix upon cooling to room 
temperature. No major changes occurred in the microstructure after ageing at 
650°C for the Nb and Nb-Mo steels. 
 
 
Figure 5.13 Optical micrographs of the microstructure for the Nb steel coiled for 10000 
s at (a) 900°C, (b) 700°C, and (c) 650°C, the Nb-Mo steel coiled for 10000 s at (d) 
900°C, (e) 700°C, and (f) 650°C. (Solidification direction (SD) is shown by the black 
arrow, and the red arrows in (a) highlight the presence of grain boundary allotriomorphs 
(GBA). 
 
5.4 Kinetics and morphologies of austenite 
decomposition 
Dilatometry was used to investigate the kinetics and morphologies of austenite 
decomposition. Samples were cut from lollipop samples which were cast 
directly from the melt. To simulate strip casting behaviour, five typical cooling 
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rates (100, 50, 10, 1 and 0.1 K/s) were selected to further study austenite 
decomposition of the two compositions. The microstructure examination was 
carried out at room temperature. The microstructures generated by different 
cooling rates in the two steels are shown in Figs. 5.14 and 5.15, which indicates 
that at a high cooling rate (100 K/s) and at intermediate cooling rates (50 and 
10 K/s) the microstructures of both alloys were fully bainite (Figs. 5.14 a-c 
and 5.15 a-c). However, when the cooling rate reduced to 1 K/s, a small volume 
fraction of polygonal ferrite was produced while the rest of the microstructure 
remained bainitic, as shown in Figs. 5.14 d and 5.15 d. However, the polygonal 
ferrite in the Nb steel had a significantly higher volume fraction than that in 
the Nb-Mo steel. At the slowest cooling rate of 0.1 K/s, the Nb steel formed a 
mixture of polygonal ferrite and pearlite (Fig. 14 g), but in the Nb-Mo steel a 
mixture of polygonal ferrite and bainite was formed (Fig. 15 g).  
 
 
Figure 5.14 (a) – (e) Optical micrographs of microstructures in the Nb steel cooled at 
100, 50, 10, 1, 0.1 K/s; (f) & (g) Backscattered SEM images of microstructures in the 
Nb steel cooled at 1 and 0.1 K/s.      
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Figure 5.15 (a) – (e) Optical micrographs of microstructures in the Nb-Mo steel cooled 
at 100, 50, 10, 1, 0.1 K/s; (f) & (g) Backscattered SEM images of microstructures in the 
Nb-Mo steel cooled at 1 and 0.1 K/s. 
 
The dilatometric results, such as transformation temperatures and measured 
phase fractions from the optical microscopy images, are presented in full in 
Appendix (A). Data of interest is summarised in Figure 5.16, and shows the 
continuous cooling transformation curves for the two steels. Overlayed on this 
figure is the strip casting cooling curves of the two compositions. In the case 
of direct strip casting from liquid melt, for both steels, the cooling curves 
passed through the fully bainite region to form 100% bainite which has been 
described earlier. 
The bainitic transformation temperatures and phase fractions are summarised 
in Fig. 5.17. The bainitic start temperature was not constant for the different 
cooling rates, and was significantly higher for the Nb steel compared to the 
Nb-Mo steel. When cooling at 0.1 K/s, the bainite transformation 
temperatures in the Nb-Mo steel were decreased, that is because that more 
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carbon was rejected into retained austenite during ferrite transformation, 
resulting in a suppression of bainite transformation. When cooling rate was 1 
K/s, the volume fraction of polygonal ferrite in the Nb steel was nearly 70%, 
much higher than that in the Nb-Mo  steel (9%). For the slowest two cooling 
rates polygonal ferrite was increased, and developed a larger volume fraction 
in the Nb steel compared to the Nb-Mo.  
 
 
Figure 5.16 Continuous-Cooling-Transformation (CCT) diagrams overlayed with the 
direct strip cast cooling curves for the two steels, black represents the Nb steel while 
red represents the Nb-Mo steel. B = bainite, PF = polygonal ferrite, P= pearlite. (Green 
and blue cooling curves represent the as-cast cooling routes for the Nb and Nb-Mo steels 
respectively.) 
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Figure 5.17 The bainitic transformation temperatures and volume fractions of 
polygonal ferrite at various cooling rates for the Nb and Nb-Mo steels.  
 
5.5 Summary 
I) A lath-like microstrcuture of bainite was produced in the Nb and Nb-Mo as-
cast steels. Precipitates of ~ 400 nm in diameter were found in the as-cast 
condition, and these were enriched in manganese, aluminium and silicon. No 
significant difference was observed between the two alloys in the as-cast 
condition. 
II) The microstructure of the Nb and Nb-Mo steels after coiling at 900°C were 
similar to the as-cast microstructure which was composed of bainite. However, 
a small amount of grain boundary ferrite was produced in the Nb steel after long 
coiling times, but not in the Nb-Mo steel which remained fully bainitic.  
III) Polygonal ferrite was produced during coiling at 700°C, and the volume 
fraction increased with time. The remainder of the microstructure formed bainite 
during cooling to room temperature. The volume fraction of polygonal ferrite in 
the Nb steel was consistently higher than that in the Nb-Mo steel, and this 
corresponded to the average size of polygonal ferrite in the Nb-Mo steel being 
smaller than in the Nb steel. 
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IV) No major changes occurred in the microstructure of either steel after ageing 
at 650°C.  
V) Examination of the effect of cooling rate using dilatometery has shown that 
cooling rates between 100 and 10 K/s produced a fully bainitic microstructure, 
while a slower rate of 1 K/s generated a mixture of bainite and polygonal ferrite 
for both compositions. The formation of pearlite was observed only in the Nb 
steel, and only at the slowest cooling rate of 0.1 K/s.  
VI) Generally, the phase transformation temperatures of the Nb-Mo steel were 
significantly lower that than of the Nb steel, particularly in the bainitic 
tranformation range. The addition of Mo was found to retard the ferrite 
formation, and to complelely inhibit the pearlite transformation. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 97 
 
 
 
 
 
Chapter 6 Precipitation and Clustering 
Behaviour 
 
6.1 Introduction 
This chapter investigates the precipitation and cluster formation of the two steels 
(Nb and Nb-Mo steels), including the morphology, distribution, size evolution, 
volume fraction, number density and chemistry. Samples are analysed after three 
different heat treatment temperatures. Transmission electron microscopy (TEM), 
atom probe tomography (APT) and small-angle neutron scattering (SANS) 
techniques are utilised in this chapter.   
 
6.2 Thermo-Calc prediction 
Figure 6.1 presents the equilibrium volume fraction of Nb-rich carbo-nitrides 
(Nb(C, N)) and cementite (Fe3C) in the Nb and Nb-Mo steels, predicted by 
Thermo-Calc software with TCFE9: Steels/Fe-Alloys v9.0 database. FCC, BCC 
and cementite phases were selected before the calculation. The cementite starting 
temperature is 680°C for the two compositions, and the equilibrium volume 
fractions at 650°C of Fe3C are 0.707 and 0.686% for the Nb and Nb-Mo steels 
respectively. For the case of Nb(C, N) precipitates, the equilibrium starting 
temperatures are 1190 and 1200°C for the Nb and Nb-Mo steels, and the 
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equilibrium volume fractions of Nb(C, N) precipitates at 650, 700 and 900°C for 
the two steels are 0.0625, 0.0621 and 0.0605%. 
 
  
Figure 6.1 Calculated volume fractions of Nb(C, N) and Fe3C precipitates in the Nb 
and Nb-Mo steels, by using Thermo-Calc with TCFE9: Steels/Fe-Alloys v9.0 database. 
Nb(C, N) phase corresponds to the left bar while Fe3C corresponds to the right bar. 
 
6.3 Precipitation after ageing at 650°C 
6.3.1 TEM results 
6.3.1.1 Cementite 
Figure 6.2 compares the TEM observation for the coarse particles in the as-cast 
samples and the samples aged for 10000 s at 650°C. It can be seen that the as-
cast matrix of the two alloys were both precipitate-free (Fig. 6.2 a & b). However, 
coarse particles were observed by TEM for the steels aged for 10000 s at 650°C 
(Fig. 6.2 c-f). By indexing the selected area diffraction patterns, they were 
classified as Fe3C precipitates (cementite), as predicted by Thermo-Calc (Fig. 
6.1). As shown in Fig. 6.2, the estimated size of these coarse Fe3C precipitates 
was approximately 140±50 nm with irregular shapes. And most of cementite 
were observed to be concentrated along the grain boundaries. 
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Figure 6.2 (a) & (b) are the bright-field (BF) TEM images of the Nb and Nb-Mo as-
cast steels, respectively, (c) & (d) are the BF and dark-filed (DF) TEM images of the 
Nb steel aged for 10000 s at 650°C, (e) & (f) are the BF and DF TEM images of the 
Nb-Mo steel aged for 10000 s at 650°C. Corresponding selected area diffraction patterns 
(SADP) showing cementite in both steels aged at 650°C for 10000 s are imbedded in (d) 
& (f). Note scale bar changes. 
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Figure 6.3 shows the STEM/EDS mapping result of cementite formed in the Nb-
Mo steel aged for 10000 s at 650°C. It is highlighted that manganese (Mn) was 
enriched in the cementite.  
 
 
 
 
Figure 6.3 TEM EDS mapping results of the cementite formed in the Nb-Mo steel 
after 10000 s ageing at 650°C. 
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6.3.1.2  Nb-rich precipitates 
Figure 6.4 presents the TEM micrographs of the two steels aged for 10000 s at 
650°C and the SAD pattern of the precipitates. It can be seen that fine 
precipitates were developed after 10000 s ageing treatment (Fig. 6.4 a & b). 
These fine precipitates mainly nucleated along dislocations, as shown in Fig. 6.4 
c. The SAD pattern (Fig. 6.4 d) indicates the very fine particles were nano-scale 
Nb precipitates. Due to the small size of the precipitates (estimated diameter 
less than 10 nm) and the high density of dislocations, it is difficult for TEM 
observation and quantitative measurement. Therefore, further examinations 
were performed by using two advanced techniques, small-angle neutron 
scattering (SANS) and atom probe tomography (APT).  
 
 
 
 
 
 
 
 
 
 
 
 
Figure 6.4 (a) & (b) are BF TEM images of the Nb and Nb-Mo steels aged for 10000 
s at 650°C, respectively. (c) DF TEM image and (d) corresponding SAD pattern of the 
precipitates in the Nb steel aged for 10000 s at 650°C. 
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6.3.2 SANS results 
Small-angle neutron scattering (SANS) was used to examine the precipitation 
formed during the ageing treatment. From the TEM observation in Fig. 6.2, the 
as-cast steels were found to be precipitate-free which is consistent with previous 
literature [70, 71, 130]. Additionally, as shown in the following section on APT 
analysis (§ 6.3.3), only small amount of clustering was identified in both as-cast 
alloys. The clusters were probably formed due to the segregation of solute atoms 
during the solidification and cooling processing. In order to evaluate the 
precipitation that resulted from the different ageing treatments, the as-cast 
condition was used as the SANS background.  
Background-corrected Kratky plots of the samples after ageing for various times 
at 650°C are shown in Figure 6.5. As described in §3.4.2, near-linear scattering 
intensities at the low-𝑞𝑞 range derive from the coarse particles in the examined 
samples. However, due to the limited 𝑞𝑞-range, the peak intensity from coarse 
particles was not detected in this work. Focusing on the small precipitates formed 
during the ageing treatment at 650°C, the signals at the high-q range were 
analysed. Following ageing of the Nb steel for 30 and 100 s at 650°C, the 
scattering intensity at high-𝑞𝑞 values did not show an obvious peak, indicating 
that precipitation did not occur after these short time periods. However, for the 
Nb-Mo steel, the scattering signal for the 100 s sample shows a clear peak. 
Stronger scattering intensities were achieved when the ageing time increased to 
500 and 10000 s for both alloys. 
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Figure 6.5 Normalised nuclear + magnetic scattering intensities of the Nb and Nb-Mo 
steels aged at 650°C for different ageing times. The solid lines are the log-normal fitting 
curves for the corresponding scattering intensities.  
 
Average equivalent diameters and volume fractions of the Nb-type precipitates 
were obtained as described in §3.4.2, and are listed in Table 6.1, and 
corresponding evolution of size and volume fraction are given in Fig. 6.6. It is 
revealed that the size and volume fraction of Nb precipitates in both steels were 
increased with ageing time, and after the 500 s ageing treatment the average size 
of Nb precipitates reached a plateau at around 45 and 34 Å for the Nb and Nb-
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Mo steels, respectively. Comparing the two alloys, the average precipitate size 
was larger in the Nb steel compared to the Nb-Mo steel, but the volume fraction 
was smaller.  
 
Table 6.1 Average equivalent diameters and volume fractions of the precipitates in the 
Nb and Nb-Mo steels during ageing for various times. (Error bars for volume fraction 
were determined by the standard deviation of the area parameter for the log-normal 
fitting.) 
 
 
 
 
 
 
Figure 6.6 Evolution of (a) equivalent size and (b) volume fraction of the precipitates 
formed during ageing at 650°C for both alloys. 
 
Kinetic considerations show that after ageing for 100 s precipitation started in 
the steel with the addition of Mo, while no precipitation occurred in the Nb steel. 
This means that the onset of precipitation at 650°C for the Nb steel was delayed.  
Time, s 
Nb steel Nb-Mo steel 
𝑫𝑫𝒂𝒂𝒂𝒂𝒂𝒂, Å 𝒇𝒇𝒂𝒂, % 𝑫𝑫𝒂𝒂𝒂𝒂𝒂𝒂, Å 𝒇𝒇𝒂𝒂, % 
30 0 0 0 0 
100 0 0 30.2 0.013±0.001 
500 44.5 0.021±0.009 33.7 0.045±0.006 
10000 46.1 0.035±0.010 38.4 0.050±0.004 
 105 
 
The prediction by Thermo-Calc indicates that the maximum volume fraction of 
Nb(C, N) is 0.0625%. The transformed percentage is defined here as the ratio of 
the volume fraction of precipitates at a given time compared to the equilibrium 
volume fraction of Thermo-Calc calculation result, and ranges from 0 
(precipitation not started) to 100% (precipitation complete). The evolution of 
the transformed percentage with ageing time for the two steels is given in Fig. 
6.7.  
 
 
Figure 6.7 Transformed percentages of the precipitates formed during ageing at 650°C 
for both alloys. 
 
6.3.3 APT results 
In order to analyse cluster and precipitate formation, two ageing conditions were 
chosen, 100 s (early stage) and 10000 s (the longest precipitation time). APT 
analysis was also performed on the as-cast samples for comparison purpose.  
6.3.3.1 Mass spectra and compositions 
Figure 6.8 provides a representative APT mass spectrum of the Nb steel in the 
as-cast condition and aged at 650°C, with the peak assignments labelled carefully 
on the spectra. Detailed mass spectra for all alloys and conditions are given in 
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Appendix (B). It is revealed that, in the Nb steel aged at 650°C, nitrogen within 
the analysed volume of the Nb steel evaporated with Nb as molecular ions, NbN2+ 
(53.5 Da) and NbN3+ (35.67 Da).  
 
Figure 6.8 Representative APT mass spectrum for the Nb steel in the as-cast condition 
and aged at 650°C. 
 
Figure 6.9 shows the APT mass spectra of the Nb-Mo steels in the as-cast 
condition and aged at 650°C for 100 and 10000 s. It can be seen that only in the 
case of the Nb-Mo sample aged for 100 s at 650°C did mass spectrum contain 
clear MoN2+ peaks (53 – 57 Da) together with NbN2+ and NbN3+ peaks (Fig. 6.9 
b & c). However, no MoN2+ peaks were identified in the Nb-Mo steels in the as-
cast condition and aged for 10000 s at 650°C. It should be noted that the NbN2+, 
NbN3+ and MoN2+ ions that were detected formed probably as a result of ion 
association during field evaporation [147]. 
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(a) Nb-Mo as-cast steel 
 
 
(b) Nb-Mo steel aged for 100 s at 650°C 
 
 108 
 
 
(c) Nb-Mo steel aged for 100 s at 650°C 
 
 
(d) Nb-Mo steel aged for 10000 s at 650°C 
Figure 6.9 APT mass spectra of the Nb-Mo steels in the (a) as-cast condition and aged 
for (b) & (c) 100 s and (d) 10000s at 650°C. The spectrum in (c) is an enlarged section 
of the subset shown in (b) to highlight the molecular ion peaks belong to MoN2+. 
 
Table 6.2 compares the compositions of the two as-cast steels measured by APT 
and optical emission spectrometer. It can be seen that there were slight 
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differences of the concentration of elements except C, such as Si, Mn, Nb and 
Mo, in the measured APT volume compared to the bulk composition measured 
by spark optical emission spectrometer. Importantly, the average carbon 
concentration levels in two APT volumes were relatively lower than that in the 
bulks (0.25 at.%). Considering the morphology of both as-cast microstructures, 
the low carbon content was likely to be the result of formation of bainite which 
favours carbon-poor regions [25]. Excess carbon in bainitic ferrite were found to 
segregate at defects such as interfaces and dislocations to form Cotrell 
atmospheres, which were not included in our as-cast APT volumes [148]. 
Additionally, the carbon measurement by APT can be influenced by the 
crystallographic nature of the steel material [149, 150]. 
 
Table 6.2 Compositions (at.%) of the Nb and Nb-Mo as-cast steels examined by APT 
and optical emission spectrometer (OES), SPECTROMAXx. 
Nb steel C Mn Si Al Nb Mo N Fe 
APT 0.08 1.46 0.55 0.010 0.022 - 0.031 Bal. 
OES 0.25 1.47 0.42 0.010 0.030 - 0.030 Bal. 
 
Nb-Mo steel C Mn Si Al Nb Mo N Fe 
APT 0.08 1.41 0.54 0.023 0.024 0.161 0.039 Bal. 
OES 0.25 1.52 0.47 0.020 0.030 0.190 0.030 Bal 
 
6.3.3.2 As-cast condition 
3D reconstructed atom maps of Nb + NbN, Mo and carbon (C+ C2 + C3) in the 
as-cast steels are shown in Fig. 6.10. As mentioned above, the nitrogen within 
the analysed volume was filed-evaporated with niobium as molecular ions, NbN3+ 
and NbN2+, as the result of the strong affinity between Nb and N atoms, which 
is consistent with previous work on strip-cast steels containing Nb [3, 4]. From 
the reconstructed volumes, no discernible features were observed for the two as-
cast alloys, apart from some segregation of carbon related ions in the 
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microstructure. However, judging the formation of relatively fine structures, such 
as clusters and precipitates, based only on visual inspection is not a rigorous 
methodology. Therefore, cluster-finding was carried out in order to make a 
quantitative analysis.  
 
 
Figure 6.10 3D reconstructed atom maps  of Nb (green) + NbN (red), Mo (blue) and 
carbon (C+ C2 + C3 )(maroon) in (a) the Nb as-cast steel; (b) the Nb-Mo as-cast steel.  
 
In this work, information regarding nano-scale clusters and precipitates was 
quantitatively determined by using the maximum separation method [134, 138, 
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139, 143]. For the as-cast conditions, only one pass of the aforementioned cluster-
finding algorithm was performed on all the solute ions of interest. The main 
input parameter, dmax, was chosen by using heuristic approach described in 
§3.4.3.4. Importantly, it should be emphasised here that carbon was not taken 
into the consideration for the cluster identification in this work, since the carbon 
atoms were easily segregated along dislocations and boundaries to form Cottrell 
atmosphere [7] which may be mistakenly identified as a giant carbon cluster.  
Meanwhile, Nb rich clusters are also prefer to nucleate on dislocations and 
boundaries due to the lower nucleation energy according to heterogeneous 
nucleation theory [8-10], which makes it difficult to tell apart the carbon in the 
Nb rich clusters and the carbon along dislocations and grain boundaries. 
Additionally, previous work by Xie and Shrestha [112, 151] used the same 
strategy for Nb cluster finding in the similar alloy systems. However, in this 
work, carbon will be taken into consideration in iso-concentration proximity 
histogram analysis. 
Figure 6.11 shows the 2-NN frequency distribution histograms of Nb + NbN 
solute ions in the Nb as-cast steel and Nb + NbN + Mo solute ions in the Nb-
Mo as-cast steel. It can be seen that the experimental and random nearest 
neighbour frequency distributions were too close to be distinguished visually. 
Despite this however, further cluster analyses were conducted in order to test 
whether differences could be discerned with respect to atomic configuration and 
chemical identity (i.e. clustering) that the 2-NN frequency distributions did not 
reveal. 
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Figure 6.11 2-NN frequency distribution histograms of (a) Nb + NbN solute ions in 
the Nb as-cast steel; (b) Nb + NbN + Mo solute ions in the Nb-Mo as-cast steel. 
Experimental results are in black and randomly labelled data are in red. 
 
The cluster number density results are presented as experimental-minus-random 
number density which are able to elucidate the solute clustering over and above 
the clustering that might be present in a random arrangement of the solute [142]. 
Table 6.3 gives the experimental-minus-random number densities of clusters 
found in the Nb as-cast steel. Positive values, i.e. where experimental number 
density is higher than that which might be expected in the random, are 
highlighted. It can be seen that Nb-Nb clusters of size ≤ 10 atoms and Nb-NbN 
clusters having sizes between 4 to 11 atoms had positive difference in number 
density as compared to the random. 
 
Table 6.3 Number densities (experimental-random) of clusters in the Nb as-cast steel 
(dmax = 1.3 nm). 
Cluster type Size (atoms) Number density ×10
21m-3 
(experimental-random) 
Nb-Nb 3 45±6 
4-10 11±2 
11-50 0 
Nb-NbN 3  -87±8 
4-10 22±4 
11 3±0.2 
NbN-NbN 
 
3  0 
4-10 0 
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Additionally, we define the ‘significance of clusters’ as the ratio of the 
experimental results to the random results by comparing the number density of 
clusters identified in the experimental dataset to that found in its corresponding 
random labelled dataset, in order to evaluate the significant clusters for each 
dataset. A ratio greater than 1 implies that the number density of clusters 
identified experimentally is higher than the expected number density as 
measured in the random. Conversely, a ratio less than 1 means that there are 
fewer than expected clusters of a particular size. Of course, a ratio of 1 implies 
the experimental distribution of clusters is equivalent to a random configuration 
of solute atoms. For each dataset, significance of clusters was only reported where 
the corresponding random result existed to compare with the experimental result. 
In this work, clusters with a ratio of experimental/random results greater than 
2 are deemed to be significant. This value was determined from the addition of 
the calculated standard deviation of all significance ratios in this work (σ = 1.06) 
and the significance value that represents a random configuration (i.e. 1), such 
that significant clusters are beyond the error limit.  
Figure 6.12 shows the experimental number densities of clusters in the Nb as-
cast steel, together with the significance of only 3 and 4-atom clusters. It can be 
seen that NbN-NbN clusters were not experimentally identified and that 4-atom 
Nb-Nb clusters are significant. Furthermore, Nb-Nb and Nb-NbN clusters of size > 
4 atoms were identified experimentally (Fig. 6.12 a) and there were no 
corresponding random results. Therefore, it can be concluded that Nb-Nb 
clusters (4-6 atoms) and Nb-NbN clusters (5-11 atoms) were the significant 
clusters in the Nb as-cast steel. 
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Figure 6.12 (a) Number densities of clusters experimentally identified in the Nb as-
cast steel at each cluster size, (b) Significance of clusters.  
 
In the case of the Nb-Mo as-cast steel, additional cluster chemistries were also 
identified, Table 6.4. It can be seen that the solute clustering in the Nb-Mo steel 
matrix was not more than expected in a random configuration (negative values 
in Table 6.4), and only a small number of Mo-Mo clusters in the size range of 11 
to 15 atoms were found in the Nb-Mo as-cast steel.   
 
Table 6.4 Number densities (experimental-random) of clusters in the Nb-Mo as-cast 
steel (dmax = 1.03 nm). 
Cluster type Size (atoms) 
Number density ×1021m-3 
(experimental-random) 
Nb-Nb 3 -4±0.1 
4-10 0 
Nb-NbN 3  -2±0.05 
4-10 0 
Mo-Mo 3 -18±2 
4-10 -125±7 
11-15 13±2 
Nb-Mo 3 -161±18 
4-10 -417±18 
11-16 22±4 
NbN-Mo 3  -4±0.1 
4-10 -4±1 
Nb-NbN-Mo 
 
3  0 
4-10 -3±0.4 
 115 
 
The experimental number densities of clusters and significance of clusters for the 
Nb-Mo as-cast steel are presented in Fig. 6.13. It is revealed that like-atom Mo-
Mo clusters having sizes between 11 and 15 atoms were significant in the Nb-Mo 
as-cast steel.  
From the results shown in Table 6.3 & 6.4 and Fig. 6.12 & 6.13, it can be 
concluded that in both as-cast steels there were a small number of clusters 
identified. Specifically, Nb-Nb (4-6 atoms) and Nb-NbN (5-11 atoms) in the Nb 
as-cast steel, and Mo-Mo cluster (11-15 atoms) in the Nb-Mo as-cast steel. 
 
Figure 6.13 (a) Number densities of clusters experimentally identified in the Nb-Mo 
as-cast steel at each cluster size. (b) Significance of clusters.  
 
6.3.3.3. Aged for 100 s at 650°C 
Figure 6.14 shows the 3D reconstructed atom maps of Nb + NbN, Mo, MoN and 
carbon (C + C2 + C3) for the Nb and Nb-Mo steels aged for 100 s at 650°C. For 
both alloys after ageing for 100 s at 650°C, very small precipitates containing 
Nb and NbN were observed, Fig. 6.14 a & b. From Fig. 6.14 it can also be seen 
that in this particular volume, carbon decorates dislocations and interfaces [112].  
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Figure 6.14 3D reconstructed atom maps of Nb (green) + NbN (red), Mo (blue), MoN 
(pink) and carbon (C + C2 + C3)  (maroon) in (a) the Nb steel and (b) the Nb-Mo steel 
after aged for 100 s at 650°C. 
 
Figure 6.15 shows the 2-NN frequency distribution histograms for the solute ions 
of interest in the two alloys aged for 100 s at 650°C. It can be seen that in the 
Nb steel, the experimental distribution of Nb + NbN was broader than the 
corresponding random distribution. The shift towards to the smaller nearest 
neighbour distances indicates the presence of solute Nb + NbN clustering in the 
Nb steel after 100 s ageing treatment. In the Nb-Mo steel (Fig. 6.15 b), after 100 
s ageing treatment, the experimental 2-NN frequency histogram of solute atoms 
(Nb + NbN + Mo + MoN) was very similar to the random histogram.  
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The experimental-random number densities of clusters in the Nb steel aged for 
100 s at 650°C are given in Table 6.5. Quite similar to the Nb steel in the as-
cast condition, Nb-Nb clusters and Nb-NbN clusters dominated the clustering 
response in the Nb steel during ageing for 100 s at 650°C.  
 
 
Figure 6.15 2-NN frequency histograms of (a) Nb + NbN in the Nb steel aged at 650°C 
for 100 s and (b) Nb + NbN + Mo + MoN in the Nb-Mo steel aged for 100 s at 650°C. 
 
Table 6.5 Number densities (experimental-random) of clusters in the Nb steel aged for 
100 s at 650°C (dmax = 1.7 nm). 
Cluster type Size (atoms) Number density ×10
21m-3 
(experimental-random) 
Nb-Nb  3 110±12 
 4-10 16±1 
 11-50 0 
Nb-NbN 3  -278±12 
 4-10 -188±20 
 11-50 23±7 
NbN-NbN 3  -40±6 
 4-10 0 
 11-50 0 
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Figure 6.16 shows the experimental number densities and the significance of 
clusters found in the Nb steel aged for 100 s. In this case, only clusters of size < 
10 atoms where there was a corresponding random result are reported. The 
significance result in Fig. 6.16 b suggests that Nb-Nb clusters ≤ 6 atoms were 
significant. Additionally, the experimental size distribution of Nb-NbN clusters 
extended to much larger cluster sizes (up to 29 atoms) than the random 
distribution. Therefore, it is safe to say that Nb-NbN clusters were significant 
when clusters size was > 8 atoms after ageing for 100 s at 650°C in the Nb steel.  
 
 
Figure 6.16 (a) Number densities of clusters experimentally identified in the Nb steel 
aged for 100 s at 650°C at each cluster size, (b) Significance of clusters. 
 
Experimental-random number densities of clusters identified in the Nb-Mo steel 
aged for 100 s at 650°C are shown in Table 6.6. A comparatively small number 
of clusters only containing Nb atoms were identified, while like-atom Mo-Mo 
clusters and unlike-atom Nb-Mo clusters dominated the ageing at 650°C for 100 
s. The most common size of Mo-Mo and Nb-Mo clusters was less than 10 atoms. 
Apart from these clusters with a significantly high number density, there were 
some relatively larger clusters found as well, notably, 3 × 1021 Nb-Mo clusters 
containing 11-50 atoms per m3, 3 × 1021 Nb-NbN-Mo clusters containing 11 to 
50 atoms per m3, 24 × 1021 Nb-NbN-Mo-MoN clusters containing 11 to 50 atoms 
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per m3 and 9 × 1021 Nb-NbN-Mo-MoN clusters greater than 50 atoms per m3. 
These comparatively large clusters correspond to the fine precipitates observed 
in the 3D atom maps shown in Fig. 6.14 b.  
Due to many additional cluster chemistries found in the Nb-Mo steel aged for 
100 s at 650°C,  it was divided into four catagories for clarity: 
(1) like-atom clusters: Nb-Nb, NbN-NbN, Mo-Mo, MoN-MoN; 
(2) unlike-atom binaries: Nb-NbN, Mo-MoN, Nb-Mo,NbN-Mo, NbN-MoN; 
(3) unlike-atom ternaries: Nb-NbN-Mo, Nb-NbN-MoN, Nb-Mo-MoN, NbN-Mo-
MoN;  
(4) unlike-atom quaternary: Nb-NbN-Mo-MoN. 
The significance results together with experimental number densities of clusters 
found in the Nb-Mo steel aged for 100 s at 650°C are shown in Fig. 6.17. Again, 
significance was only reported where random results existed. It can be seen that 
4-atom Nb-NbN and Nb-Mo clusters having sizes between 11-13 atoms were 
significant in the Nb-Mo steel aged for 100 s at 650°C. In the case of Mo-Mo 
clusters and Nb-NbN-Mo-MoN clusters, due to the smaller random size 
distribution and based on the experimental result, it can be seen that Mo-Mo 
clusters having sizes between 10-16 atoms and Nb-NbN-Mo-MoN clusters of size > 
20 atoms were also significant in the Nb-Mo steel aged for 100 s at 650°C. 
Furthermore, according to the experimental-random result in Table 6.6, Nb-
NbN-Mo-MoN clusters between 21 and 104 atoms were the most significant 
clusters in this size range for the Nb-Mo steel aged for 100 s at 650°C. 
 
 
 
 120 
 
Table 6.6 Number densities (experimental-random) of clusters in the Nb-Mo steel aged 
for 100 s at 650°C (dmax = 1.05 nm).  
Cluster type Size 
(atoms) 
Number density ×1021m-3  
(experimental-random) 
Nb-Nb 3 -3±0.1 
4-10 0 
Nb-NbN 3  0 
4-10 3±0.2 
NbN-NbN 
 
3  0 
4-10 0 
Mo-Mo 3 281 ±24 
4-10 164 ±13 
11-50 1 ±0.2 
Mo-MoN 3  -874 ±20 
4-10 -692 ±19 
MoN-MoN 3  -43 ±6 
4-10 -3 ±1 
Nb-Mo 3 131±8 
4-10 113±12 
11-50 3±0.5 
NbN-Mo 3  -201±23 
4-10 -310±10 
Nb-NbN-Mo 3  -71±6 
4-10 -58±1 
11-50 2±0.3 
Nb-NbN-Mo-MoN  3  0 
4-10 -98±3 
11-50 24±2 
>50 9±0.8 
NbN-MoN 3  -40±2 
4-10 -10±0.3 
Nb-NbN-MoN 3  -33±8 
4-10 -8±2 
Nb-Mo-MoN 3  -186±2 
4-10 -365±21 
11-50 -5±1 
NbN-Mo-MoN 3  -175±16 
4-10 -301±24 
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Figure 6.17 On the left-hand side: number densities of clusters experimentally 
identified in the Nb-Mo steel aged for 100 s at 650°C at each cluster size. On the right-
hand side: significance of clusters. (a) & (b) like-atom clusters, (c) & (d) unlike-atom 
binaries, (e) & (f) unlike-atom ternaries, (g) & (h) unlike-atom quaternary.  
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The chemistry of Nb-NbN-Mo-MoN clusters in the Nb-Mo steel 100 s aged at 
650°C was analysed, as shown in the Fig. 6.18. It is revealed that the average 
Mo content (Mo/(Nb + Mo), expressed as a percentage) increased with cluster 
size, with a maximum of 65-80% Mo in clusters containing more than 50 atoms. 
 
 
Figure 6.18 Average Mo content of Nb-NbN-Mo-MoN clusters for each cluster size in 
the Nb-Mo steel aged for 100 s at 650°C. 
 
6.3.3.4 Aged for 10000 s at 650°C 
Figure 6.19 shows the 3D reconstructed atom maps of Nb (green) + NbN (red), 
Mo (blue) and carbon (C + C2 + C3) in the two steels aged for 10000 s at 650°C. 
It can be seen that a significant number of nano-scale particles enriched in Nb, 
NbN and carbon (C + C2 + C3) were produced after 10000 s ageing treatment 
for both alloys. Additionally, some of the particles found in both conditions were 
lined along regions enriched in carbon, which were likely to be dislocations.  
Since there were both large and small clusters in this sample volume, a two-step 
data mining approach was applied for finding larger precipitates and fine-scale 
clusters separately, as discussed in the Experimental Methodology chapter. 
Carbon was still not taken into consideration for cluster-finding processes for 
consistency and comparison purpose.  
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Figure 6.19 3D reconstructed atom maps  of Nb (green) + NbN (red), Mo (blue), MoN 
(pink) and carbon (C + C2 + C3) (maroon) in (a) the Nb steel and (b) the Nb-Mo steel 
after aged for 10000 s at 650°C.  
 
The 2-NN solute frequency distribution histograms of ions of interest in the two 
steels aged for 10000 s at 650°C are displayed in Fig. 6.20. Bimodal 2-NN 
distributions of Nb + NbN were achieved in the 10000 s aged Nb steel, which 
illustrates the existence of larger particles and nano-scale clusters. However, 
when Mo was added, the 2-NN frequency distribution histogram of Nb + NbN 
+ Mo showed a single peak mode distribution. The disappearance of the bimodal 
distribution in the Nb-Mo steel aged for 10000 s at 650°C implies that the 2-NN 
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distribution of Mo atoms in the larger precipitates was similar or the same as 
that in the surrounding matrix. 
 
 
Figure 6.20 Frequency distribution histograms of 2-NN distance between ions of 
interest : (a) Nb and NbN in the Nb steel and (b) Nb, NbN and Mo in the Nb-Mo steel, 
aged at 650°C for 10000 s. Black and red lines represent experimental and random 
distribution respectively. 
 
 
In the case of the larger precipitates observed in Fig. 6.19, 0.7 at.% Nb iso-
concentration surfaces were utilised to identify the particles in the Nb and Nb-
Mo steels, as shown in Fig. 6.21 a & c. The corresponding proxigrams represent 
an average particle composition, as determined from all particles highlighted by 
the isosurfaces. It can be seen that for both alloys aged for 10000 s at 650°C, the 
concentrations of Nb and N shared the similar developing pattern. The particles 
observed in the Nb steel had around 8 at.% Nb, 5 at.% N and 2.5 at.% C with 
about 81 at.% Fe, 2.8 at.% Mn and 0.5 at.% Si, while the particles presented in 
Nb-Mo sample had around 6 at.% Nb, 1.2 at.% Mo, 3.6 at.% N and 0.7 at.% C 
with about 85 at.% Fe, 2.8 at.% Mn and 0.6 at.% Si. As a result, the particles 
in the Nb and Nb-Mo steel aged for 10000 s at 650°C were Nb(C, N) and (Nb, 
Mo)(C, N) precipitates. It should be noted here the high Fe content was likely 
the result of local magnification [143]. However, little work has been published 
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about the segregation of Mn in Nb-rich carbides. This is probably due to the 
segregation of Mn on dislocations on which the carbides usually formed. A future 
work on the role of Mn on precipitation is suggested. 
 
Figure 6.21 0.7 at.% Nb iso-concentration surfaces with corresponding proximity 
histograms (positive distance means inside the particle) for (a) & (b) the Nb steel and 
(b) & (d) the Nb-Mo steel aged for 10000 s at 650°C. 
 
Consequently, the ratios of C/(C + N) and Mo/(Nb + Mo) are a good way to 
examine the chemistry of precipitates, as shown in Fig. 6.22. It is revealed that 
the average ratio of N/(C + N) in the precipitates was around 0.7, which is 
consistent with results of iso-concentration analysis for both the larger (top 4, 
filtering by volume) and smaller (bottom 4, filtering by volume) precipitates 
identified in Fig. 6.21 a. Therefore, it can be deduced that the average chemistry 
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of the precipitates in the Nb steel aged for 10000 s at 650°C was Nb(C0.3, N0.7). 
In the case of the precipitates in the Nb-Mo steel aged for 10000 s at 650°C, the 
average ratio of N/(C + N) and Mo/(Nb + Mo) in the precipitates observed in 
the Nb-Mo steel was around 0.8 and 0.2 respectively, which was similar to the 
results from iso-concentration surface and proximity histogram analysis of both 
the largest (top 10, by filtering volume) and smallest (bottom 10, by filtering 
volume) precipitates. As a result, the average chemistry of the precipitates in 
the Nb-Mo steels aged for 10000 s at 650°C was (Nb0.8, Mo0.2)(C0.2, N0.8). 
 
 
Figure 6.22 The ratios of N/(N + C) in the (a) Nb steel and (b) Nb-Mo steel aged for 
10000 s at 650°C, and also (c) the ratio of Mo/(Nb + Mo) in the Nb-Mo steel aged for 
10000 s at 650°C, determined from proximity histogram analysis using iso-surfaces 
shown in Fig. 6.21. On the left-hand side is the average values for all identified interfaces, 
middle are the values for larger interfaces and on the right-hand side is the values for 
the smaller interfaces. 
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The 2-NN frequency histograms of same ions after the larger precipitates had 
been removed were replaced by single peak distribution, as shown in Fig. 6.23. 
Cluster finding was carried out on the remaining data using maximum separation 
method, as discussed in the Experimental Methodology chapter. 
 
Figure 6.23 Frequency distribution histograms of 2-NN distance between solute ions 
of interest after the larger precipitates had been removed: (a) Nb and NbN in the Nb 
steel and (b) Nb, NbN and Mo in the Nb-Mo steel, aged at 650°C for 10000 s. Black 
and red lines represent experimental and random distribution respectively. 
 
The experimental-random number densities of clusters obtained after larger 
precipitates had been removed for the Nb steel aged for 10000 s at 650°C are 
given in Table 6.7. It can be seen that after 10000 s ageing treatment, there were 
still some number of smaller Nb-Nb clusters of size < 11 atoms in the 10000 s 
aged Nb steel, but fewer larger Nb-NbN clusters were identified in the Nb steel 
than compared to after 100 s ageing treatment.  
The significance results together with the experimental number densities of 
clusters in the Nb steel aged for 10000 s at 650°C are shown in Fig. 6.24. It is 
revealed that Nb-Nb clusters were significant. 
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Table 6.7 Number densities (experimental-random) of clusters in the Nb steel aged for 
10000 s at 650°C (dmax = 2.45 nm).  
Cluster type Size (atoms) Number density ×10
21m-3 
(experimental-random) 
Nb-Nb 3 78±5 
4-10 30±3 
11-50 0 
Nb-NbN 3  60±4 
4-10 -384±18 
11-50 -142±12 
NbN-NbN 
 
3  -61±4 
4-10 0 
11-50 0 
 
 
 
Figure 6.24 (a) Number densities of clusters experimentally identified in the Nb steel 
aged for 10000 s at 650°C at each cluster size, (b) Significance of clusters. 
 
The experimental-random number densities obtained after larger precipitates 
had been removed for the Nb-Mo steel aged for 10000 s at 650°C are given in 
Table 6.8. It can be seen that after 10000 s ageing Mo-Mo clusters and Nb-Mo 
clusters were still the main clusters in the Nb-Mo steel. Meanwhile, some large 
clusters in the size range of 11 to 50 atoms, such as NbN-Mo and Nb-NbN-Mo 
clusters, were also identified in the Nb-Mo steel aged for 10000 s at 650°C. 
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Table 6.8 Number densities (experimental-random) of clusters in the Nb-Mo steel aged 
for 10000 s at 650°C (dmax = 1.25 nm).   
Cluster type 
Size 
(atoms) 
Number density ×1021m-3 
(experimental-random) 
Nb-Nb 3 0 
4-10 0 
Nb-NbN 3  2±0.1 
4-10 0 
NbN-NbN 
 
3  0 
4-10 0 
Mo-Mo 3 623±25 
4-10 904±30 
11-50 41±10 
Nb-Mo 3 103±11 
4-10 268±8 
11-50 51±2 
NbN-Mo 3  -363±26 
4-10 -385±13 
11-50 28±10 
Nb-NbN-Mo 3  -65±6 
4-10 -26±3 
11-50 38±2 
 
 
 
 
 
Figure 6.25 shows the experimental number densities of clusters and the 
significance of clusters for the Nb-Mo steel aged for 10000 s at 650°C. Significance 
was only reported when cluster size was smaller than 20 atoms due to the smaller 
size of random results. Based on the experimental result in Fig. 6.25 a and the 
significance in Fig. 6.25 b, the clusters of size > 10 atoms were significant in the 
Nb-Mo steel aged for 10000 s at 650°C, including Mo-Mo, Nb-Mo, NbN-Mo and 
Nb-NbN-Mo clusters. Furthermore, combining with the experimental-random 
result in Table 6.8, when cluster size was larger than 10 atoms, Mo-Mo clusters 
were the most significant clusters in the Nb-Mo steel aged for 10000 s at 650°C, 
followed by Nb-Mo clusters. 
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Figure 6.25 (a) Number densities of clusters experimentally identified in the Nb-Mo 
steel aged for 10000 s at 650°C at each cluster size, (b) Significance of clusters. 
 
6.3.3.5 Summary of clusters and precipitates evolution 
Tables 6.9 and 6.10 summarise the significant clusters and precipitates identified 
in both steels aged at 650°C for various times. From Table 6.9, it can be seen 
that Nb-Nb clusters of size < 10 atoms were identified in the Nb steels at all 
ageing times. Additionally, after 100 s ageing at 650°C Nb-NbN clusters extended 
to a larger size distribution but were replaced by larger precipitates. From Table 
6.10, it can be seen that Mo-Mo clusters were identified in the Nb-Mo steel at 
all ageing times. Additionally, after 100 s ageing at 650°C, significant larger Nb-
NbN-Mo-MoN clusters were found in the Nb-Mo steel, corresponding to the 
nano-scale precipitates observed in 3D reconstructed atom maps in Fig. 6.14 b. 
There were also a few Nb-NbN, Mo-Mo, and Nb-Mo clusters identified after 100 
s ageing at 650°C. Larger Nb-NbN-Mo-MoN clusters, however, disappeared by 
forming larger precipitates after 10000 s ageing.  
Average diameters and volume fractions of the clusters and precipitates are given 
in Fig. 6.26. It is revealed that the size and volume fraction of the clusters in the 
Nb steel were smaller than that in the Nb-Mo steel after ageing at 650°C. 
However, in the Nb-Mo steel aged for 10000 s at 650°C, the size of the larger 
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precipitates was smaller than that in the Nb steel, while the volume fraction of 
precipitates was higher than that in the Nb steel. 
 
Table 6.9 Significant clusters and precipitates identified in the Nb steel after aged for 
various times at 650°C.  
Nb steel 
0 s (as-cast) aged for 100 s  aged for 10000 s  
Nb-Nb (4-6 atoms) 
Nb-NbN (5-11 atoms) 
Nb-Nb (3-6 atoms) 
Nb-NbN (9-30 atoms) 
Nb-Nb (3-8 atoms)  
Nb(C0.3, N0.7) precipitates 
 
Table 6.10 Significant clusters and precipitates identified in the Nb-Mo steel after aged 
for various times at 650°C.  
Nb-Mo steel 
0 s (as-cast) aged for 100 s  aged for 10000 s  
Mo-Mo (11-15 atoms) Nb-NbN-Mo-MoN (21-104 atoms)  
with a few of Mo-Mo, Nb-NbN 
and Nb-Mo clusters. 
Mo-Mo and Nb-Mo (> 
10 atoms) with a few of 
NbN-Mo and Nb-NbN-
Mo clusters. 
(Nb0.8, Mo0.2)(C0.2, N0.8) 
precipitates  
 
 
Figure 6.26 Evolution of (a) average size and (b) volume fraction of the precipitates 
and clusters formed during ageing at 650°C for both alloys. 
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6.4. Precipitation after coiling at 700°C 
6.4.1 TEM results 
Figure 6.27 provides TEM images of the Nb steel after coiling at 700°C for 
various times. As shown in Fig. 6.27 a, after coiling for 100 s the ferritic matrix 
was free from precipitates. Extended coiling times of 1000, 3000 and 10000 s 
developed precipitates with a row structure in the ferritic matrix, Fig. 6.27 b-d. 
These precipitates had the classical interphase interface precipitation 
morphology [78, 152, 153]. This structure can usually only be resolved when the 
precipitation plane is titled parallel to the TEM beam direction [154]. After a 
prolonged coiling treatment of 10000 s some coarse precipitates developed, Fig. 
6.27 d.  
 
Figure 6.27 (a)-(d) are bright-field TEM images of the Nb steel coiled at 700°C for 
100, 1000, 3000 and 10000 s, respectively. Note scale bar changes. 
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Since the precipitates were nearly spherical, the precipitate diameters at each 
condition were measured manually and carefully on TEM images with high 
magnifications (≥ 58000x) on which every individual particle can be seen clearly. 
These measurements were calibrated by the corresponding scale bar. 
Additionally, in order to improve statistical accuracy, more than 300 precipitates 
were measured for each condition. Figure 6.28 shows the size distribution of the 
interphase precipitates developed during coiling treatment at 700°C for 1000 s, 
3000 s and 100000 s in the Nb steel. It can be seen that during isothermal heat 
treatment at 700°C the size of interphase particles significantly increased. The 
average sizes of interphase particles were 6.3 nm, 7.2 nm and 7.8 nm after coiling 
at 700°C for 1000 s, 3000 s and 10000 s respectively for the Nb steel. The size 
distribution of precipitates in the Nb steel coiled for 10000 s at 700°C also 
suggests the coarsening of some precipitates, the size of which were over 20 nm.  
 
 
Figure 6.28 Size distribution histograms of the interphase precipitates formed in the 
Nb steel after coiled at 700°C for 1000, 3000 and 10000 s.  
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TEM images of the Nb-Mo steel coiled at 700°C for 100, 1000, 3000 and 10000 s 
are shown in Fig. 6.29. From the TEM results in Fig. 6.29 a, there was no 
evidence of the interphase precipitate formation in the Nb-Mo steel after coiling 
for 100 s at 700°C. A similar trend of interphase precipitation as the Nb steel 
during coiling at 700°C was observed in the Nb-Mo steel. After coiling for 1000 
s or longer, precipitates with a row structure were also observed. These 
precipitates also had the classical interphase interface precipitation morphology 
[78, 152, 153]. 
 
 
Figure 6.29 (a)-(d) are bright-field TEM images of the Nb-Mo steel coiled at 700°C 
for 100, 1000, 3000 and 10000 s, respectively. Note scale bar changes. 
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Figure 6.30 shows the size distribution of the interphase precipitates formed in  
the Nb-Mo steel during coiling treatment at 700°C for 1000, 3000 and 100000 s. 
Compared to the Nb steel after coiling at 700°C, the interphase precipitates in 
the Nb-Mo steel had a much finer particle size. The average particle sizes of the 
interphase precipitates were 4.9, 6.6 and 7.4 nm in the Nb-Mo steel after coiling 
at 700°C for 1000, 3000 and 100000 s, respectively. The size distribution results 
in Fig. 6.28 and 6.30 manifest the refinement of interphase precipitate size and 
slower coarsening rate by adding Mo into the Nb steel. 
 
 
Figure 6.30 Size distribution histograms of the interphase precipitates formed in the 
Nb-Mo steel after coiled at 700°C for 1000, 3000 and 10000 s.  
 
6.4.2 SANS results 
Small-angle neutron scattering (SANS) was utilised to examine the precipitation 
that results from the different coiling treatments. Similar to the SANS analyses 
for the aged samples, the as-cast condition was used as the SANS background. 
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Background-corrected Kratky plots of the steels coiled for various times at 700°C 
are shown in Fig. 6.31. As described in §3.4.2, near-linear scattering intensities 
at the low-q range derived from the coarse particles in the examined samples. 
However, due to the limited 𝑞𝑞-range, the peak intensity from coarse particles 
was not detected in our work. Focusing on the small precipitates formed during 
the coiling treatment at 700°C, the signals at the high-𝑞𝑞 range were analysed. 
In both alloys coiled at 700°C, no clear SANS signal was detected for the samples 
coiled for 100 s, which means precipitation did not occur during coiling for less 
than 100 s. At times greater than 100 s, both alloys exhibited a clear peak 
indicative of precipitation.  
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Figure 6.31 Normalised nuclear + magnetic scattering intensities of the two steels 
coiled at 700°C for different coiling times. The solid lines are log-normal fitting curves 
for the corresponding scattering intensities.  
 
Average equivalent diameters and volume fractions of the Nb-rich precipitates 
in both alloys coiled at 700°C are listed in Table 6.11, and shown graphically in 
Fig. 6.32. It can be seen that the size and volume fraction of precipitates in both 
alloys were increased with coiling time. Comparing the two alloys, the average 
precipitate size in the Nb steel was very similar to that in the Nb-Mo steel, but 
the volume fraction was smaller. Compared to the TEM results in Fig. 6.28 & 
6.30, the precipitate sizes measured by SANS were relatively smaller. Overall, a 
constant ratio between the size measured by TEM and SANS was found for the 
precipitation after coiling at 700°C: 𝐷𝐷𝑇𝑇𝑇𝑇𝑀𝑀 ≈ 1.25𝐷𝐷𝑆𝑆𝑆𝑆𝑁𝑁𝑆𝑆. 
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Table 6.11 Average equivalent diameters and volume fractions of the precipitates in 
the Nb and Nb-Mo steels during coiling for various times. (Error bars of volume fraction 
were determined by the standard deviation of the area parameter for the log-normal 
fitting.) 
 
 
 
Figure 6.32 Evolution of (a) equivalent size and (b) volume fraction of the precipitates 
formed during coiling treatment at 700°C for both steels. 
 
The prediction by Thermo-Calc indicates the equilibrium volume fraction of 
Nb(C, N) is 0.0621% at 700°C. The evolution of the transformed percentage with 
coiling time for the two steels is given in Fig. 6.33.  
 
Time, s 
Nb steel Nb-Mo steel 
𝑫𝑫𝒂𝒂𝒂𝒂𝒂𝒂, Å 𝒇𝒇𝒂𝒂, % 𝑫𝑫𝒂𝒂𝒂𝒂𝒂𝒂, Å 𝒇𝒇𝒂𝒂, % 
100 0 0 0 0 
1000 49.36 0.006±0.0006 47.13 0.012±0.0007 
3000 53.84 0.007±0.0005 51.30 0.013±0.0005 
10000 61.00 0.010±0.0009 57.70 0.016±0.0010 
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Figure 6.33 Transformed percentage of the precipitates formed during coiling at 700°C 
for both alloys. 
 
6.4.3 APT results 
Similar to the APT analysis for the samples aged at 650°C, two coiling times 
were chosen for the investigation of clusters and precipitates formation, 100 s 
(early stage) and 10000 s (the longest precipitation time). Through comparison, 
it is found that the mass spectra of the samples coiled at 700°C were similar, 
which are detailed in Appendix (B). 
 
6.4.3.1 Coiled for 100 s at 700°C 
Figure. 6.34 provides the 3D reconstructed atom probe maps of Nb + NbN, Mo, 
MoN and carbon (C+C2+C3) in the Nb and Nb-Mo steels coiled for 100 s at 
700°C. From the maps of the two steels, no distinguishable features were 
observed, though there seems to be an inhomogeneity distributions of carbon 
atoms.  
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Figure 6.34 3D atom probe reconstructions of Nb (green) + NbN (red), Mo (blue), 
MoN (pink) and carbon (C+C2+C3) (maroon) in the (a) Nb steel and (b) Nb-Mo steel, 
after coiling treatment at 700°C.  
 
Similar to the 650°C aged conditions, carbon was not included for cluster-finding 
in the steels coiled at 700°C. Figure 6.35 shows the 2-NN frequency distribution 
histograms of Nb + NbN solute ions in the Nb steel and Nb + NbN + Mo + 
MoN solute ions in the Nb-Mo steel after 100 s coiling treatment at 700°C, to 
compare the distribution of distances of ions of interest in the experimental 
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dataset to that expected in random. Visually, the experimental 2-NN distribution 
histograms were similar to the random distributions in both steels.   
 
 
Figure 6.35 2-NN frequency distribution histograms of solute ions after 100 s coiling 
treatment at 700°C (a) Nb + NbN in the Nb steel; (b) Nb + NbN + Mo + MoN in the 
Nb-Mo steel. Experimental results are in black and randomly labelled data are in red. 
 
The experimental-random cluster number densities for the Nb steel coiled for 
100 s at 700°C are shown in Table 6.12. Positive values are highlighted. It can 
be seen that after 100 s coiling at 700°C there were a small number of like-atom 
Nb-Nb clusters (3 atoms) and NbN-NbN clusters (4-10 atoms) identified in the 
Nb steel. 
 
Table 6.12 Number densities (experimental-random) of clusters in the Nb steel after 
100 s coiling treatment at 700°C (dmax = 1.29 nm).   
Cluster type Size (atoms) Number density ×10
21m-3 
(experimental-random) 
Nb-Nb 3 10±0.2 
4-10 0 
Nb-NbN 3  -116±15 
4-10 -54±6 
NbN-NbN  
 
3  -383±24 
4-10 1±0.01 
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Figure 6.36 shows the experimental number densities of clusters found in the Nb 
steel coiled for 100 s at 700°C, together with the significance of clusters. It can 
be seen that no clusters were significant in the Nb steel coiled for 100 s at 700°C. 
 
 
Figure 6.36 (a) Number densities of clusters experimentally identified in the Nb steel 
coiled for 100 s at 700°C at each cluster size, (b) Significance of clusters. 
 
In the case of the clustering in the Nb-Mo steel after 100 s isothermal coiling at 
700°C, the experimental-random number densities of clusters are tabulated in 
Table 6.13, again with the clusters having a positive number density highlighted 
in yellow. It can be seen that Nb-Mo and Mo-Mo clusters of size less than 10 
atoms dominated 100 s coiling at 700°C in the Nb-Mo steel. There were relatively 
fewer Nb-NbN-Mo-MoN clusters. 
Figure 6.37 shows the experimental results and the significance of clusters in the 
Nb-Mo steel coiled for 100 s at 700°C. It can be seen that after 100 s coiling at 
700°C Mo-Mo clusters of size < 10 atoms had the most significance value.  
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Table 6.13 Number densities (experimental-random) of clusters in the Nb-Mo steel 
coiled for 100 s at 700°C (dmax = 1.18 nm).   
Cluster type Size 
(atoms) 
Number density ×1021m-3 
(experimental-random) 
Nb-Nb 3 0 
4-10 0 
Nb-NbN 3  -3±0.06 
4-10 0 
NbN-NbN 
 
3  0 
4-10 0 
Mo-Mo 3 472±26 
4-10 209±15 
11-50 0 
Mo-MoN 3  -114±10 
4-10 -3±0.07 
11-50 0 
MoN-MoN 3  -215±18 
4-10 -20±7 
Nb-Mo  3 251±19 
4-10 235±17 
11-50 0 
NbN-Mo  3  -137±13 
 4-10 -56±9 
Nb-NbN-Mo 3  -112±9 
4-10 -30±8 
11-50 0 
Nb-NbN-Mo-MoN  3  -17±2 
4-10 -327±24 
11-50 -260±12 
>51 6±0.03 
Nb-MoN 3  -151±16 
 4-10 -4±0.02 
NbN-MoN 3  -103±8 
4-10 -28±6 
Nb-NbN-MoN 3  -47±7 
4-10 -61±10 
Nb-Mo-MoN 3  0 
4-10 -108±9 
11-50 -42±9 
NbN-Mo-MoN 3  -106±14 
4-10 -749±29 
11-50 -8±3 
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Figure 6.37 (a, c, e, g) Experimental number densities of clusters identified in the Nb-
Mo steel coiled for 100 s at 700°C at each cluster size and (b, d, f, h) Significance of 
clusters. 
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6.4.3.2. Coiled for 10000 s at 700°C 
The 3D reconstructed atom probe maps of the Nb and Nb-Mo steels coiled for 
10000 s at 700°C are shown in Fig. 6.38. It is confirmed that after 10000 s coiling 
treatment at 700°C for both alloys, interphase precipitates were observed in the 
APT experiment, which were enriched in Nb, NbN and C. The row spacing were 
measured to be 44 and 31 nm in the Nb and Nb-Mo steel, respectively. For those 
larger particles in the Nb-Mo steel, due to the high density of Mo in the matrix, 
Mo segregation in the precipitates was difficult to assess using only visual 
analysis. Further compositional analysis of the larger precipitates is shown in 
later using iso-concentration surfaces and proximity histograms.  
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Figure 6.38 3D atom maps of the (a) Nb alloy and the (b) Nb-Mo alloy coiled for 
10000 s at 700°C. Green represents Nb atoms, red represents NbN molecular ions, blue 
represents Mo atoms and maroon represents carbon (C+C2+C3). 
 
 
From the APT maps, confirmation of clustering existence is also hard or even 
impossible to make. Thus, in this work, a two-step data mining approach was 
applied for finding larger precipitates and fine-scale clusters separately. Carbon 
was still not taken into consideration for cluster-finding processes for the purpose 
of consistency and comparison, as discussion in §6.3.3.2.  
The 2-NN solute histograms of ions of interest in the two alloys are shown in 
Fig. 6.39. It can be seen that the histogram of 2-NN distances between Nb and 
NbN in the Nb steel coiled for 10000 s at 700°C is a bimodal distribution, which 
reflects the co-existence of larger precipitates and nano-scale clusters. However, 
in the case of the Nb-Mo steel, when Mo atoms were included, the experimental 
2-NN distribution histogram was unimodal and extended to smaller 2-NN 
distances as compared to the random distribution, which indicates non-random 
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clustering and/or precipitates. The disappearance of the bimodal distribution in 
this case, probably implies that the 2-NN distribution of Mo in the larger 
precipitates (Fig. 6.39 b) was close or the same to that in the surrounding matrix. 
Therefore, a two-step data mining approach was used, as described in 
Experimental Methodology chapter. 
 
 
Figure 6.39 Frequency histograms of 2-NN distance between solute ions of interest: (a) 
Nb and NbN in the Nb steel and (b) Nb, NbN and Mo in the Nb-Mo steel, after 10000 
s coiling treatment at 700°C. Black and red represent experimental and random data 
respectively). 
 
Larger precipitates formed in both alloys during 10000 s coiling treatment at 
700°C were identified and analysed by using 1.5 at.% Nb iso-concentration 
surfaces and corresponding proximity histograms, as shown in Fig. 6.40. As we 
can see in Fig. 6.40 a, there co-existed some very coarse particles around 10 ± 2 
nm and comparatively fine scale precipitates around 2 ± 0.3 nm in the Nb steel 
coiled for 10000 s at 700°C. The corresponding average chemistry of all the 
interfaces using 1.5 at.% Nb iso-concentration surfaces in Fig. 6.40 b shows that 
the particles had roughly 40% Nb, 18% C and 13% N with about 20 % Fe, 4 at.% 
Mn and 6 at.% Si, which suggests the particles were Nb(C, N) precipitates. In 
terms of the precipitates in the Nb-Mo steel during 10000 s coiling treatment at 
700°C (Fig. 6.40 c), they have nearly 33% Nb, 5% Mo, 12% C and 14% N with 
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20% Fe, 3 at.% Mn and 13 at.% Si, which indicates the particles were (Nb, 
Mo)(C, N). This is consistent with what was observed for ageing at 650°C. It 
should be noted here the high Fe content was likely the result of local 
magnification [143]. Additionally, little work has been published about the 
segregation of Mn and Si in Nb-rich interphase carbides. This is probably due to 
the segregation of Mn and Si on α/γ boundaries which act as the preferred 
nucleation sites for interphase carbides . A future work on the enrichment of Mn 
and Si in the precipitates is suggested. 
 
Figure 6.40 1.5 at.% Nb iso-concentration surfaces with corresponding proximity 
histograms (positive distance means inside the particle) for (a) & (b) the Nb steel and 
(b) & (d) the Nb-Mo steel coiled for 10000 s at 700°C. 
 
Figure 6.41 displays the average ratio of N/(C + N) and Mo/(Nb + Mo) in both 
alloys coiled for 10000 s at 700°C. It can be seen that the average ratio of N/(C 
 149 
 
+ N) of the precipitates in the Nb steel was around 0.3, which is consistent with 
that of the larger (top 4, filtering by volume) particles, but the ratio of N/(C + 
N) in the smaller (bottom 4, filtering by volume) precipitates was little bit higher 
(around 0.6). The average ratios of N/(C + N) and Mo/(Nb + Mo) in the 
precipitates in the Nb-Mo steel reached around 0.6 and 0.1, respectively, which 
were similar to that of both the larger (top 4, by filtering volume) and smaller 
(bottom 4, by filtering volume) precipitates. In summary, the average 
stoichiometries of the precipitates in the Nb and Nb-Mo steels coiled for 10000 s 
at 700°C were Nb(C0.7, N0.3) and (Nb0.9, Mo0.1)(C0.4, N0.6), respectively.  
 
Figure 6.41 The ratios of N/(N + C) in the (a) Nb steel and (b) Nb-Mo steel coiled 
for 10000 s at 700°C, (c) is the ratio of Mo/(Nb + Mo) in the Nb-Mo steel coiled for 
10000 s at 700°C, which were calculated for the multiple iso-surfaces as shown in Fig. 
6.39. On the left-hand side are the average values for all identified interfaces, middle 
are the values for larger interfaces and on the right-hand side are the values for the 
smaller interfaces. 
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Figure 6.42 shows the 2-NN frequency histograms of ions of interest in the two 
steels coiled for 10000 s at 700°C after the larger precipitates had been removed. 
 
 
Figure 6.42 2NN distance frequency histograms of solute ions of interest after the 
larger precipitates had been removed: (a) Nb and NbN in the Nb steel and (b) Nb, NbN 
and Mo in the Nb-Mo steel, after 10000 s coiling treatment at 700°C. Black and red 
represent experimental and random data respectively). 
 
Cluster number densities for the Nb steel coiled for 10000 s at 700°C are shown 
in Table 6.14. It can be seen that the dominant cluster type was Nb-NbN clusters 
which had sizes between 4 to 50 atoms, with a comparatively low number of like-
atom clusters (i.e. Nb-Nb clusters) being identified. 
 
Table 6.14 Number densities (experimental-random) of clusters in the Nb steel coiled 
for 10000 s at 700°C (dmax = 1.63 nm).   
Cluster type Size (atoms) 
Number density ×1021m-3 
(experimental-random) 
Nb-Nb 3 5±0.3 
4-10 5±0.1 
11 2±0.08 
Nb-NbN 3  -100±6 
4-10 50±2 
11-50 21±3 
NbN-NbN 
 
3  0 
4-10 0 
11-50 0 
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Figure 6.43 gives the experimental number densities and the significance of 
clusters found in the Nb steel coiled for 10000 s at 700°C. It should be mentioned 
again that the significance results were only reported where there was also a 
corresponding random result. It can be seen from Fig. 6.43 b that 4-atom Nb-
NbN clusters were significant. Furthermore, based on the experimental result 
(Fig. 6.43 a), there were significant Nb-Nb and Nb-NbN clusters of size > 5 
atoms identified experimentally with no corresponding random results. Therefore, 
it is concluded that Nb-NbN clusters having sizes between 4 to 35 atoms and 
Nb-Nb clusters having sizes between 6 to 11 atoms were significant in the Nb 
steel after 10000 s coiling at 700°C. 
 
 
Figure 6.43 (a) Number densities of clusters experimentally identified in the Nb steel 
coiled for 10000 s at 700°C at each cluster size, (b) Significance of clusters. 
 
The experimental-random number densities of clusters for the Nb-Mo steel coiled 
for 10000 s at 700°C are tabulated in Table 6.15. It can be seen that Mo-Mo 
cluster was the largest group, about 226 ×1021 Mo-Mo trimers and 38 ×1021 Mo-
Mo clusters having sizes between 4 to 10 atoms per m3. In addition, there were 
few Nb-NbN cluster of size smaller than 10 atoms and ternary clusters of Nb-
NbN-Mo having sizes between 10 to 31 atoms in the Nb-Mo steel. 
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Table 6.15 Number densities (experimental-random) of clusters in the Nb-Mo steel 
coiled for 10000 s at 700°C (dmax = 1.05 nm).   
Cluster type 
Size 
(atoms) 
Number density ×1021m-3 
(experimental-random) 
Nb-Nb 3 0 
4-10 0 
Nb-NbN 3  -5±0.2 
4-10 2±0.1 
NbN-NbN 
 
3  -2±0.1 
4-10 0 
Mo-Mo 3 226±13 
4-10 38±5 
11-50 0 
Nb-Mo 3 -492±21 
4-10 -214±10 
11-50 0 
NbN-Mo 3  -470±19 
4-10 -362±15 
11-50 0 
Nb-NbN-Mo 3  -291±14 
4-10 -297±12 
11-31 16±2 
 
Figure 6.44 gives the experimental number densities and significance of clusters 
found in the Nb-Mo steel coiled for 10000 s at 700°C. Significance result in Fig. 
6.44 b was reported when cluster size was smaller than 11 atoms. It can be seen 
that Mo-Mo clusters having a size of 9 atoms were significant. Additionally, 
when cluster size larger than 10 atoms, there were Nb-NbN-Mo clusters found 
experimentally in the Nb-Mo steel coiled for 10000 s at 700°C without 
corresponding random results. Therefore, it can be concluded that after 10000 s 
coiling at 700°C, Mo-Mo clusters having a size of 9 atoms and Nb-NbN-Mo 
clusters having size between 11 to 31 atoms were significant clusters in the Nb-
Mo steel. 
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Figure 6.44 (a) Number densities of clusters experimentally identified in the Nb-Mo 
steel coiled for 10000 s at 700°C at each cluster size, (b) Significance of clusters. 
 
6.4.3.3 Summary of clusters and precipitates evolution 
Tables 6.16 and 6.17 summarised the significant clusters and precipitates 
identified in both steels coiled at 700°C for various times. From Table 6.15, it 
can be seen that after 100 s coiling the matrix of the Nb steel was roughly 
random. However, after 10000 s coiling significant Nb-NbN clusters together with 
larger Nb(C, N) precipitates were identified in the Nb steel. In the Nb-Mo coiled 
steel, Mo-Mo clusters of size < 10 atoms were significant after 100 s coiling at 
700°C, but they were replaced by larger (Nb, Mo)(C, N) precipitates and Nb-
NbN-Mo clusters having sizes between 11 to 31 atoms after a prolonged coiling 
(10000 s). 
Average diameters and volume fractions of the clusters and precipitates are given 
in Fig. 6.45. It is revealed that the size of the clusters in the Nb steel were smaller 
than that in the Nb-Mo steel after coiling at 700°C. However, the sizes of the 
larger precipitates in both alloys were similar. Additionally, after coiling at 700°C 
the clusters and precipitates in the Nb-Mo steel had a higher volume fractions 
than that in the Nb steel. 
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Table 6.16 Significant clusters and precipitates identified in the Nb steel after coiled 
for various times at 700°C.  
Nb steel 
0 s (as-cast) coiled for 100 s  coiled for 10000 s  
Nb-Nb (4-6 atoms) 
Nb-NbN (5-11 atoms) 
roughly random 
Nb-Nb (6-11 atoms) 
Nb-NbN (4-35 atoms)  
Nb(C0.7, N0.3) precipitates 
 
 
Table 6.17 Significant clusters and precipitates identified in the Nb-Mo steel after 
coiled for various times at 700°C.  
Nb-Mo steel 
0 s (as-cast) coiled for 100 s  coiled for 10000 s  
Mo-Mo (11-15 atoms) Mo-Mo (< 10 atoms) 
 
Mo-Mo (9 atoms) 
Nb-NbN-Mo (> 11 atoms) 
(Nb0.9, Mo0.1)(C0.4, N0.6) 
precipitates 
 
 
 
Figure 6.45 Evolution of (a) average size and (b) volume fraction of the precipitates 
and clusters formed during coiling at 700°C for both alloys. 
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6.5 Precipitation after coiling at 900°C 
6.5.1 TEM results 
Figure 6.46 shows the TEM images from carbon replicas produced from the Nb 
steel coiled at 900°C for various times. It can be seen that precipitation did not 
occur after coiling for 100 s and only some coarse spherical particles around 200 
nm in diameter were observed. After 1000 s coiling treatment, precipitates 
formed with cubic morphologies. Additionally, the TEM images suggest 
inhomogeneous distribution of precipitates. 
 
 
 
Figure 6.46 (a)-(d) are TEM bright-field (BF) images of the carbon replicas of the Nb 
steel coiled at 900°C for 100, 1000, 3000 and 10000 s, respectively. Note scale bar changes. 
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More TEM images and diffraction pattern of the precipitates in the Nb steel 
coiled for 10000 s at 900°C are shown in Fig. 6.47. It is seen that the precipitates 
mainly nucleated along austenite grain boundaries (Fig. 6.47 a) and dislocations 
(Fig. 6.47 b). The TEM diffraction pattern shown in Fig. 6.47 c demonstrates 
that the precipitates had NaCl-type crystal structure, keeping a Kurdjumov-
Sachs (K-S) relationship [110] with the surrounding ferritic matrix. This confirms, 
firstly, that the particles were niobium carbo-nitrides, and secondly, that the 
precipitation occurred in the austenitic region. 
 
 
 
Figure 6.47 (a) Low magnification TEM bright-field (BF) image of the carbon replicas 
and (b) a TEM BF image of the foil sample of the Nb steel coiled at 900°C for 10000 s, 
and (c) is a TEM diffraction pattern obtained from both matrix and precipitates. 
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Figure 6.48 shows the TEM images of carbon replicas produced from the Nb-Mo 
steel coiled at 900°C for various times. Similar to the Nb steel, precipitation did 
not occur after coiling for 100 s and only coarse spherical particles around 200 
nm in diameter were observed. These precipitates had cubic morphologies and 
showed an inhomogeneous distribution.  
 
 
 
Figure 6.48 (a)-(d) are bright-field (BF) TEM images of the carbon replicas of the Nb-
Mo steel coiled at 900°C for 100, 1000, 3000 and 10000 s, respectively. Note scale bar 
changes. 
 
Figure 6.49 shows more TEM images and diffraction pattern of the precipitates 
in the Nb-Mo steel coiled for 10000 s at 900°C. Figure 6.49 a and b show that 
the nucleation sites of the precipitates in the Nb-Mo steel coiled for 10000 s at 
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900°C were austenite grain boundaries and dislocations. The TEM diffraction 
pattern in Fig. 6.49 c suggests that the precipitates had NaCl-structure and kept 
a Kurdjumov-Sachs (K-S) relationship [110] with the surrounding ferritic matrix. 
Therefore, it can be known that the particles in Fig. 6.49 a and b were Nb-rich 
carbonitrides which were formed in the austenite region.  
 
 
 
Figure 6.49 (a) Low magnification TEM bright-field (BF) image of the carbon replicas 
and (b) a TEM BF image of the foil sample of the Nb-Mo steel coiled at 900°C for 10000 
s, and (c) is a TEM diffraction pattern obtained from both matrix and precipitates. 
 
The measured size distributions of precipitates in the Nb and Nb-Mo steels coiled 
at 900°C are shown in Fig. 6.50. It is can be seen that the particle size increases 
with coiling time. Generally, the size of precipitates in the steel with Mo addition 
was smaller than that in the steel without Mo, but the difference was not marked. 
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Figure 6.50 Size distributions of the precipitates developed in the Nb and Nb-Mo steels 
coiled at 900°C for various times, measured at least 300 particles for each condition. 
 
The average size evolution is plotted in Fig. 6.51. The average size was increased 
with coiling time at 900°C, and importantly the Nb-Mo steel had a smaller 
particle size compared to the Nb steel. For instance, after 1000 s coiling at 900°C, 
the average particle diameter in the Nb and Nb-Mo steel were around 17 and 14 
nm, respectively. When coiling time increased to 10000 s, the particles size of 
the Nb and Nb-Mo steel were around 38 and 27 nm. Therefore, it can be 
concluded that the addition of Mo produced finer precipitates.  
 
 
Figure 6.51 Size evolution of the precipitates developed in the Nb and Nb-Mo steels 
coiled at 900°C for various times. 
 
 160 
 
Figures 6.52 to 6.55 show TEM-EDX point and mapping analyses for the 
precipitates in the two steels after the longest coiling time of 10000 s at 900°C. 
It can be seen that in both steels the particles were enriched in Nb and N. 
However, in the TEM-EDS spectrum, the Nb (L), Mo (L) and S (K) peaks 
overlapped, therefore an additional analysis method was required. 
 
 
 
Figure 6.52 A point TEM-EDX analysis of a precipitate in carbon replica from the Nb 
steel coiled for 10000 s at 900°C, (a) STEM map and (b) EDX spectrum of the particle 
pointed by the red arrow in (a). 
 
 
Figure 6.53 Bright-filed STEM image and corresponding TEM-EDX chemical map for 
the carbon replica sample from the Nb steel coiled for 10000 s at 900°C. 
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Figure 6.54 A point TEM-EDX analysis of a precipitate in carbon replica from the 
Nb-Mo steel coiled for 10000 s at 900°C, (a) STEM map and (b) EDX spectrum of the 
particle pointed by the red arrow in (a). 
 
 
 
Figure 6.55 Bright-filed STEM image and corresponding TEM-EDX chemical map for 
the carbon replica sample from the Nb-Mo steel coiled for 10000 s at 900°C. 
 
EELS was utilised to separate the contribution of S and Nb to the EDX mapping 
results, Fig. 6.56. It can be clearly seen that the precipitates in this sample were 
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enriched in Nb and Mo. However, S was not found in the particles, which 
indicates that the presence of S in the EDS results was caused by the peak 
overlapping of Nb, Mo and S. Therefore, the precipitates in the Nb and Nb-Mo 
steels coiled at 900°C were Nb(C, N) and (Nb, Mo)(C, N) carbo-nitrides, 
respectively. 
 
 
Figure 6.56 EELS examination for the chemistry of the precipitates in the Nb-Mo steel 
coiled for 3000 s at 900°C. 
 
6.6 Summary and conclusions 
I) The as-cast steels were essentially precipitate-free with a small number of Nb-
Nb (4-6 atoms) and Nb-NbN clusters (5-11 atoms) in the Nb as-cast steel and 
Mo-Mo clusters (11-15 atoms) in the Nb-Mo as-cast steel. 
II) The addition of Mo favoured and accelerated the formation of Nb-rich 
precipitates, which resulted in a higher volume fraction of precipitates when 
ageing at 650°C and coiling at 700°C.  
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III) The addition of Mo refined the size of precipitates after ageing at 650°C and 
coiling at 900°C, but generated a similar particle size as the Nb steel after coiling 
at 700°C. 
IV) After 100 s ageing at 650°C, the Nb-Nb clusters having sizes between 3-6 
atoms and Nb-NbN clusters having sizes between 9 to 30 atoms dominated the 
clustering response in the Nb steel, while Nb-NbN-Mo-MoN clusters of sizes > 
20 atoms dominated in the Nb-Mo steel together with relatively fewer Mo-Mo, 
Nb-Mo and Nb-NbN clusters. Additionally, the Mo/(Nb+Mo) ratio of Nb-NbN-
Mo-MoN clusters increased with the cluster size. 
IV) After 10000 s ageing at 650°C, larger precipitates and nano-scale clusters co-
existed. The average stoichiometries of the precipitates in the Nb and Nb-Mo 
steels were Nb(C0.3, N0.7) and (Nb0.9, Mo0.1)(C0.2, N0.8), respectively. There were 
Nb-Nb clusters having sizes between 3 to 8 atoms in the Nb steel, while there 
were Mo-Mo and Nb-Mo clusters of size > 10 atoms, as well as relatively fewer 
NbN-Mo and Nb-NbN-Mo clusters, in the Nb-Mo steel.  
V) After 100 s coiling at 700°C, there were no significant clusters in the Nb steel, 
while Mo-Mo clusters of size < 10 atoms were significant in the Nb-Mo steel. 
VI) After 10000 s coiling at 700°C, larger interphase precipitates and nano-scale 
clusters co-existed. The average stoichiometries of the precipitates in the Nb and 
Nb-Mo were Nb(C0.7, N0.3) and (Nb0.9, Mo0.1)(C0.4, N0.6), respectively. Additionally, 
Nb-Nb clusters (6-11 atoms) and Nb-NbN clusters having sizes between 4 to 35 
atoms were the significant clusters in the Nb steel coiled for 10000 s at 700°C, 
while Mo-Mo clusters (9 atoms) and Nb-NbN-Mo clusters of size > 11 atoms 
were significant in the Nb-Mo steel coiled for 10000 s at 700°C.
 164 
 
 
 
 
 
Chapter 7  Discussion 
 
7.1 Effect of Mo on the phase transformation 
Both the dilatometer and microscopy results show that the addition of Mo had 
a significant retardation effect on the 𝛾𝛾 − 𝑡𝑡𝑀𝑀 − 𝛼𝛼 phase transformation and thus 
effects the final microstructure. The TEM (Fig. 6.2) and APT results (Fig. 6.10) 
of the as-cast samples indicate that the Mo atoms are in solid solution before the 
start of the phase transformation. The Lever rule [155] is used here to calculate 
the transformed fraction from the dilation curves, as shown schematically in Fig. 
7.1. 
 
 
Figure 7.1 Example of the measurement for transformation fraction on dilatometric 
curve of the Nb steel cooled at 100 K/s, tangent-intersection method and lever principal.  
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The transformed fractions calculated from the dilation curves are shown as a 
function of temperature for the two alloys cooled at 100, 1 and 0.1 K/s in Fig. 
7.2. It can be seen that the transformed fractions all show the typical “S” shape 
which is consistent with the classical nucleation-growth kinetic theory [27, 37, 
156].  
 
 
Figure 7.2 Transformed volume fractions as a function of temperature at various 
cooling rates: 100, 1 and 0.1 K/s for the Nb and Nb-Mo steels. 
 
(1) Effect of cooling rate on microstructural development 
When the cooling rate was 100 K/s, a fully bainitic structure was generated in 
both steels. However, as shown in Fig. 7.2, the steel containing Mo had a lower 
bainitic transformation temperature, around 112°C lower than that of the Nb 
steel.  
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At the intermediate cooling rate (1 K/s), both alloys contained two phases: 
polygonal ferrite and bainite, as shown in Fig. 5.14 and 5.15. The ferritic 
transformation start temperature of the Nb-Mo steel (723°C) was slightly lower 
than that of the Nb steel (750°C). The transformed fraction of polygonal ferrite 
in the Nb-Mo steel was around 0.09 which was lower than 0.69 in the Nb steel. 
This indicates that at a cooling rate of 1 K/s, the ferritic transformation was 
supressed by the addition of Mo. The bainitic transformation was also supressed 
by the addition of Mo from 684°C to 620°C.  
When cooled at the slowest cooling rate of 0.1 K/s, polygonal ferrite was formed 
in both steels. Ferrite formation was followed by pearlite transformation in the 
Nb steel and bainitic transformation in the Nb-Mo steel. Although the ferrite 
start temperatures were similar for the two steels, the addition of Mo caused a 
significant delay in the ferrite finish temperature. This resulted in a slightly 
larger ferrite fraction in the Nb steel (~ 0.93) compared to the Nb-Mo steel (~ 
0.75). At the end of the ferrite transformation, approximately one quarter of the 
microstructure in both steels remained austenite. This austenite was enriched in 
carbon, and in the case of the Mo steel, the austenite also contained Mo, Table 
7.1. The difference in composition of the remaining austenite, in combination 
with the different ferrite finish temperatures explains the difference in behaviour 
between the two steels. The delay in ferrite finish temperature for the Nb-Mo 
steel allowed the austenite to cool to its bainite start temperature, thus the 
bainite formed in preference to the pearlite. It is also known that substitutional 
elements such as Mn delay pearlite formation, and it is possible that Mo has a 
similar effect [48]. 
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Table 7.1 Compositions (wt.%) of austenite for various temperatures for both alloys, 
calculated by Thermo-Calc software, together with corresponding phase transformation 
temperatures (°C) predicted using empirical formulas in [6, 48]. 
 
(2) Transformation speed 
Transformation speeds can be calculated from the dilatometer data using the 
equation: 𝑉𝑉 =  𝑒𝑒𝑓𝑓
𝑒𝑒𝑚𝑚
 (where, 𝑉𝑉 =  transformation speed, 𝑓𝑓 𝑎𝑎𝑀𝑀𝑑𝑑 𝑡𝑡  are transformed 
fraction and time). The measured speeds for the four cooling rates: 100, 1 and 
0.1 K/s are given in Fig. 7.3 as a function of transformed fraction. From Fig. 7.3, 
it can be seen that when cooled at 100 K/s the bainitic transformation speed for 
the two steels were similar. When cooled at 0.1 K/s, the polygonal ferrite 
formation rate was significantly lower in the Nb-Mo steel compared to the Nb 
steel. The reason for these observations will now be discussed, separately. 
Nb steel 
Temperature C Mn Si Mo Bs Ms Ps 
850 0.05 1.50 0.20 NA 685.5 496.6 679.5 
800 0.12 2.14 0.19 NA 603.9 450.9 631.6 
750 0.27 3.01 0.18 NA 486.8 370.4 571.1 
700 0.49 4.30 0.17 NA 311.1 250.0 480.7 
Nb-Mo steel 
Temperature C Mn Si Mo Bs Ms Ps 
850 0.05 1.50 0.20 0.30 652.7 494.0 665.7 
800 0.19 2.30 0.18 0.22 571.5 448.2 615.2 
750 0.28 3.16 0.17 0.22 451.8 361.3 555.1 
700 0.50 4.53 0.16 0.23 268.3 240.7 458.9 
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Figure 7.3 Transformation speed as a function of transformed fraction at various 
cooling rates: 100, 10, 1 and 0.1 K/s for the Nb and Nb-Mo steels. 
 
(3) Effect of molybdenum on the bainitic transformation 
It can be seen that the transformation speed of the bainitic transformation for 
the two alloys were similar when cooled at 100 and 1 K/s, as shown in Fig. 7.3. 
That is to say, the addition of Mo had little effect on the bainitic transformation 
rate. However, it is noted that Mo did shift the bainitic transformation to a 
lower temperature (Fig. 7.2) at both cooling rates. This illustrates that the 
influence of Mo addition on bainite formation was to inhibit the bainite 
nucleation, but not to alter the growth rate. The growth of bainite is controlled 
by the rate of carbon partitioning from the bainite to the austenite across the 
α/γ interface [59]. Substitutional solutes, such as Mo, do not partition during 
the bainitic transformation [25, 38]. In this work, the carbon concentration in 
both alloys were the same, therefore, the bainite growth rates were also the same.  
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(4) Effect of molybdenum on ferrite transformation 
At a cooling rate of 0.1 K/s, Mo addition had a significant retardation effect on 
the ferritic transformation rate, Fig. 7.3. The ferrite start temperature was 
similar for both alloys, but the growth rate was lower in the Nb-Mo steel. It is 
reasonable to conclude that the suppression of ferritic transformation rate by Mo 
addition was mainly due to solute drag. This is consistent with the report by 
Aaronson and Domian [56] who concluded that the slower ferrite growth rate in 
a similar Nb-Mo steel was explained by impurity drag on the α/β interface [6, 
25].  
 
(5) Effect of molybdenum on the pearlite transformation 
At the slowest cooling of 0.1 K/s, it is interesting to note that the pearlite 
transformation occurred only in the Nb steel, and that it was suppressed in the 
Nb-Mo steel. This indicates that Mo addition retarded the pearlite formation 
after pro-eutectoid ferritic transformation. At this cooling rate, more ferrite was  
formed in the Nb steel, consequently, more carbon was rejected into the 
untransformed austenite. As described above, the higher carbon content 
suppresses bainite start temperature, allowing pearlite to form instead. It is also 
noteworthy that if pearlite were to form in the Nb-Mo steel, its transformation 
rate may have been supressed by the presence of Mo. Mehl and his co-workers 
have shown that the nucleation and growth of pearlite are decreased by the 
addition of Mo [15]. It is also known that partitioning of substitutional alloying 
elements between ferrite and cementite at the interface with austenite takes place 
during pearlite transformation [25]. Molybdenum as a strong carbide and ferrite 
former will diffuse into the cementite [25]. The diffusivity of Mo atoms is 4-6 
orders of magnitude lower than the diffusivity of carbon at a given temperature 
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[56, 80, 99]. Therefore, the pearlite transformation may be slowed in the steel 
containing Mo. 
 
7.2 Effect of Mo on precipitation and clustering in 
the as-cast condition 
The TEM and SANS results in this work (detailed in Fig. 6.2 and Table 6.1) did 
not show evidence of Nb or Mo rich carbo-nitrides in the as-cast condition. This 
implies that the as-cast steels were essentially precipitate-free with microalloying 
elements (Nb and Mo) mostly retained in the supersaturated bainitic ferrite solid 
solution. This is likely due to the fast cooling inherent to direct strip casting 
(DSC). This is consistent with the previous work reported by Dorin [70]. 
Although no visual clustering was observed in the 3D reconstructed APT 
volumes, and the nearest neighbour distributions showed a random solute 
distribution, a more thorough clustering-finding analysis indicated the existence 
of some solute clusters in both as-cast steels. A similar result was reported in the 
work by Xie [112]. The conclusion from this cluster finding analysis was that the 
significant clusters in the Nb and Nb-Mo as-cast steels were Nb-Nb (4-6 atoms, 
the Guinier radius is around 0.9 nm) and Nb-NbN clusters (5-11 atoms, the 
Guinier radius is around 1.1 nm) and Mo-Mo clusters (11-16 atoms, the Guinier 
radius is around 1.0 nm) respectively, and that the total effective number density 
of clusters were 45 × 1021 m-3 for the Nb as-cast steel and 18 × 1021 m-3 for the 
Nb-Mo as-cast steel. This equates to an approximate volume fraction of 0.0056% 
and 0.0023% of clusters in the microstructure, respectively. 
Although the TEM and SANS experiments indicate that the Nb and Nb-Mo as-
cast steels were essentially precipitate-free, the APT results indicate the presence 
of some very small clusters. The reason that the small clusters could not be seen 
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in TEM is because a cluster is usually defined as an aggregate of solute atoms 
without any definite crystal structure and coherent with the matrix [81, 157]. 
The different SANS and APT results and their correlation are discussed in the 
latter part of this chapter. 
 
7.3 Effect of Mo on precipitation and clustering  
behaviour after ageing at 650°C 
7.3.1 Volume fraction and size 
The volume fractions measured by SANS and APT for the Nb and Nb-Mo steels 
aged for 100 and 10000 s are shown in Fig. 7.4 and Table 7.2. It should be 
mentioned here that the APT volume fractions were derived from the summation 
of the significant clusters which had significance value > 2 as analysed in Chapter 
6 and also the larger precipitates identified using iso-concentration surface.  
The SANS results in Fig. 7.4 and in §6.3.2 show that the Nb steel was 
precipitate-free after 100 s, but that precipitation in the Nb-Mo steel had already 
begun. The Nb-Mo steel also had a higher volume fraction of precipitates after 
10000 s.  
The APT results reveal that after 100 s ageing at 650°C the volume fraction of 
the significant clusters in the Nb-Mo steel were nearly double than that in the 
Nb steel, as shown in Fig. 7.4 a & b. This illustrates that at the early stage of 
precipitation the Nb-Mo steel had faster precipitation kinetics as compared to 
the Nb steel.  
Based on the cluster analysis in §6.3, the main significant clusters in the Nb-Mo 
steel aged for 100 s at 650°C were Nb-NbN-Mo-MoN clusters having sizes 
between 21-104 atoms which corresponded to the nano-precipitates shown in the 
3D reconstructed atom maps in Fig. 6.14 b, while the main clusters in the Nb 
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steel were Nb-NbN clusters having sizes between 9-30 atoms. So it can be 
concluded that the addition of Mo to the steel increased the size of the clusters 
that formed at 650ºC. 
After 10000 s ageing at 650°C, the volume fraction of precipitates and significant 
clusters measured using APT in the Nb-Mo steel was higher than that in the Nb 
steel. According to the cluster analysis in Chapter 6, the main significant clusters 
in the Nb-Mo steel aged for 10000 s at 650°C were Mo-Mo and Nb-Mo clusters 
of sizes > 10 atoms, while Nb-Nb clusters having sizes between 3-8 atoms were 
the significant clusters in the Nb steel aged for 10000 s at 650°C. Again it can 
be concluded that the addition of Mo increased the size of the clusters that form 
at this ageing temperature. Both the SANS and APT results indicate that the 
volume fraction of precipitates was larger for the Nb-Mo steel. 
 
 
Figure 7.4 Volume fractions obtained by SANS and APT for the Nb and Nb-Mo steels 
aged for 100 and 10000 s at 650°C. 
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Table 7.2 Volume fractions obtained by SANS and APT for the Nb and Nb-Mo steels 
aged at 650°C for 0 (as-cast), 100 and 10000 s. 
Volume fraction (%) SANS 
APT 
clusters precipitates total 
Nb steel (0 s) - 0.0056±0.0006 - 0.0056±0.0006 
Nb-Mo steel (0 s) - 0.0023±0.0002 - 0.0023±0.0002 
Nb steel (100 s) - 0.008±0.0004 - 0.008±0.0004 
Nb-Mo steel (100 s) 0.013 ± 0.001 0.015±0.0020 - 0.015±0.0020 
Nb steel (10000 s) 0.035 ± 0.005 0.004±0.0001 0.038±0.003 0.042±0.0031 
Nb-Mo steel (10000 s) 0.050 ± 0.004 0.014±0.0020 0.044±0.001 0.058±0.0030 
 
Bear in mind that the SANS results were achieved by subtracting the intensities 
of the corresponding as-cast samples. Therefore, a simple way to evaluate volume 
fraction obtained by SANS and APT after ageing at 650°C is taking the 
difference in the volume fractions of clusters after ageing and the as-cast 
conditions, as shown in Table 7.3. It can be seen that the total APT volume 
fractions and SANS results at each condition are in a good agreement, although 
in the Nb steel aged for 100 s there was a very small volume fraction (0.0024%) 
of clusters not detected by SANS. The detailed discussion about the correlation 
of APT and SANS is given in the latter part of this chapter (§7.6).  
 
Table 7.3 Volume fractions of significant clusters after taking the difference between 
100 s and the as-cast conditions for the Nb and Nb-Mo steels. 
 
Figure 7.5 shows the size distributions of significant clusters and larger 
precipitates for the Nb and Nb-Mo steel aged for 100 and 10000 s. It can be seen 
from Fig. 7.5 that after 100 s ageing at 650°C the Nb-Mo steel had a larger size 
distribution of the significant clusters than the Nb steel. However, after 10000 s 
Volume fraction (%) SANS 
APT 
clusters precipitates total 
Nb steel (100 s) - 0.0024±0.0010 - 0.0024±0.0010 
Nb-Mo steel (100 s) 0.013 ± 0.001 0.0127±0.0022 - 0.0127±0.0022 
Nb steel (10000 s) 0.035 ± 0.005 -0.0016±0.0007 0.038±0.003 0.0364±0.0037 
Nb-Mo steel (10000 s) 0.050 ± 0.004 0.0117±0.0022 0.044±0.001 0.0557±0.0032 
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ageing the Nb-Mo steel had a smaller size distribution of the larger precipitates 
than the Nb steel, Fig. 7.5 c. In addition, after 10000 s ageing at 650°C, apart 
from the larger precipitates, there were clusters identified in the remaining 
matrix, and the clusters in the Nb-Mo steel showed a larger size distribution that 
that in the Nb steel, Fig. 7.5 b. Furthermore, the clusters in the 10000 s aged 
samples were smaller than that in the 100 s samples. To conclude, the addition 
of Mo was able to supress the growth and coarsening of precipitates during ageing 
treatment at 650°C.  
 
 
 
Figure 7.5 Size distributions obtained by APT for the Nb and Nb-Mo steels aged for 
100 and 10000 s at 650°C.  
 
Table 7.4 shows the average diameters obtained using SANS and APT for the 
two steels aged for various times. The SANS results suggest that the average 
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precipitate size was larger in the Nb steel compared to the Nb-Mo steel, similar 
to the APT results (Fig. 7.5 c), however the average sizes of clusters and 
precipitates determined by APT and SANS were slightly different, which is 
discussed further in §7.6.  
 
Table 7.4 Average diameters obtained by SANS and APT for the Nb and Nb-Mo steels 
aged at 650°C for various holding times. 
Average diameter (nm) SANS 
APT 
clusters precipitates total 
Nb steel (0 s) - 1.8±0.09 - 1.8±0.09 
Nb-Mo steel (0 s) - 2.0±0.08 - 2.0±0.08 
Nb steel (100 s) - 2.0±0.13 - 2.0±0.13 
Nb-Mo steel (100 s) 3.02 4.2±0.58 - 4.2±0.58 
Nb steel (10000 s) 4.61 0.92±0.05 6.0±1.30  3.8±2.10 
Nb-Mo steel (10000 s) 3.84 2.4±0.20 4.6±0.56 3.1±0.62 
 
To conclude, the Nb-Mo steel had a higher volume fraction of clusters and 
precipitates as compared the Nb steel when ageing at 650°C, which demonstrates 
faster precipitation kinetics in the Nb-Mo steel when aged at 650°C. Once formed, 
the precipitates in the Nb-Mo showed a slower growth/coarsening rate compared 
to the Nb steel. 
 
7.3.2 Chemistry 
According to the cluster analysis in Chapter 6, when ageing at 650°C Nb-NbN-
Mo-MoN clusters of sizes > 20 atoms were responsible for the clustering in the 
Nb-Mo steel aged for 100 s and then likely transformed into larger (Nb, Mo)(C, 
N) precipitates after 10000 s ageing. Therefore, comparing the ratio of 
Mo/(Nb+Mo) of the Nb-NbN-Mo-MoN clusters and the larger precipitates for 
100 and 10000 s aged samples is a good way to evaluate the chemistry evolution 
during ageing at 650°C. Figure 7.6 shows the average ratio of Mo/(Nb+Mo) at 
 176 
 
each cluster and precipitate size for the Nb-Mo steel aged for 100 and 10000 s at 
650°C. It can be clearly seen that the average ratio of Mo/(Nb+Mo) of the 
significant clusters after 100 s ageing was around 0.7 which illustrates that at 
the early stage of precipitation Mo atoms participated the formation of clusters. 
However, after 10000 s ageing at 650°C, the larger precipitates were formed with 
their ratio of Mo/(Nb+Mo) around 0.2, which is significantly lower. 
Notwithstanding the lack of results from ageing times between 100 and 10000 s, 
it is believed this finding provides evidence that in the early stage of precipitation 
(nucleation stage) more Mo atoms incorporated into the precipitates but at the 
growth and coarsening stage Mo atoms were rejected from the precipitates and 
thus lower the Mo/(Nb+Mo) ratio. This lends support to the previous findings 
in the literature [116, 158, 159] that the concentration of Mo atoms in the 
precipitates reduces with time as the precipitates become coarser. 
 
 
Figure 7.6 Mo/(Nb+Mo) ratios of (solid blue circles) the significant clusters in the 
Nb-Mo steel aged for 100 s and (solid red circles) the larger precipitates in the Nb-Mo 
steel aged for 10000 s. 
 
Figure 7.7 gives the 1D concentration analysis in the z direction of the selected 
cylindrical region of interest for the larger precipitates in the Nb-Mo steel aged 
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for 10000 s at 650°C.  From the analysis results, it can be clearly seen that the 
precipitate was mainly rich in Fe, Mn, Nb and N with a small amount of Mo 
and C, which is consistent with the iso-concentration analysis (Fig. 6.21). It has 
been concluded that Mo atoms were diffused out of precipitates during growth 
and coarsening stages, thus a core-shell composition for the large precipitates 
might be expected. However, this was not seen in the 1D concentration profile 
(Fig. 7.7 b). This is probably the result of trajectory aberrations [134] during 
APT data collection . 
 
 
Figure 7.7 (a) 0.7 at.% Nb iso-concentration surfaces; (b) 1D concentration profile (z 
direction) analysis for the cylinder in (a) for a larger precipitate formed in the Nb-Mo 
steel aged for 10000 s at 650°C. 
 
In contradiction with earlier literature [114, 117, 160, 161] that reports that the 
precipitates in low-carbon microalloyed steels containing Nb (and produced by 
conventional casting routes) are mainly Nb-rich carbides with comparatively 
smaller amount of N or other alloying elements, it was found from the proximity 
histograms for the larger precipitates in the two steels aged for 10000 s at 650°C 
(Fig. 6.24 and 6.25) that the concentrations of Nb and N atoms in the larger 
precipitates shared the similar evolution pattern and the maximum ratio of 
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N/(C+N) of the precipitates were around 0.7 and 0.8 respectively. This indicates 
that the larger precipitates were mainly nitrides rather than carbides.  
 
7.3.3 The effect of Mo on the thermodynamics of 
precipitation in the ferrite  
It has been reported that the carbo-nitrides of (Nb, Mo)(C, N) can be treated as 
a solution composed of niobium carbide (NbC), niobium nitride (NbN) and meta-
stable molybdenum carbide (MoC) sharing the same crystallographic structure 
(NaCl-type fcc structure) [117]. Therefore, the formula can be expressed as (𝑁𝑁𝑀𝑀𝑘𝑘1+𝑚𝑚1𝑀𝑀𝑀𝑀𝑘𝑘2)(𝐶𝐶𝑘𝑘1+𝑘𝑘2,𝑁𝑁𝑚𝑚1), and here 𝑘𝑘1, 𝑘𝑘2 𝑎𝑎𝑀𝑀𝑑𝑑 𝑚𝑚1 are the mole fractions for 
NbC, MoC and NbN and (𝑘𝑘1 + 𝑘𝑘2 + 𝑚𝑚1) = 1. 
In the ferrite region, the solid solubility products of NbC, NbN and MoC are 
obtained from [110, 117]: log{[𝑁𝑁𝑀𝑀] ∙ [𝐶𝐶]}𝛼𝛼 = 5.43 − 10960 𝑇𝑇⁄                           (8-3) log{[𝑀𝑀𝑀𝑀] ∙ [𝐶𝐶]}𝛼𝛼 = 6.163 − 7583 𝑇𝑇⁄                           (8-4) log{[𝑁𝑁𝑀𝑀] ∙ [𝑁𝑁]}𝛼𝛼 = 4.96 − 12230 𝑇𝑇⁄                           (8-5) 
where [M] is the weight percentage of element M in solid solution. Thus, 𝑘𝑘1,  
𝑘𝑘2 and 𝑚𝑚1 in equilibrium system can be predicated as a function of temperature 
for the compositions of the Nb and Nb-Mo steels. Figure 7.8 compares the ratio 
of Mo/(Nb+Mo) by calculation for equilibrium conditions and experimental DSC 
results (10000 s ageing at 650°C and coiling at 700°C), which agree rather well. 
The predication suggests that the Mo/(Nb+Mo) ratio in the precipitates for the 
0.05Nb-0.3Mo steel increases with a decrease in the precipitation temperature.  
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Figure 7.8 Thermodynamic prediction of the Mo/(Nb+Mo) ratio in the precipitates 
formed in ferrite for the 0.05Nb-0.3Mo steel. (the red dot shows the experimental ratio 
of Mo/(Nb+Mo) obtained by APT). 
 
In the current work, the TEM analysis has shown that the precipitation in the 
aged samples mainly occurs along dislocations. Cahn [162] first proposed the 
theory of nucleation on dislocations, and Yong [110] made a further revision that 
the free energy ∆𝐺𝐺𝑒𝑒 of forming a nuclei along a dislocation can be expressed as :   
                           ∆𝐺𝐺𝑒𝑒 = 16 𝜋𝜋𝑑𝑑3∆𝐺𝐺𝑒𝑒 + 𝜋𝜋𝑑𝑑2𝜎𝜎 − 𝐴𝐴𝑑𝑑                                (8-6) 
where, d is the diameter of the nuclei, ∆𝐺𝐺𝑒𝑒 and 𝜎𝜎 represent free energy per unit 
volume and interfacial free energy, 𝐴𝐴 = 𝐺𝐺𝑀𝑀2/[4𝜋𝜋(1 − 𝜈𝜈)]  is the dislocation 
energy per length, G is shear elastic modulus (80650 MPa [80]), 𝑀𝑀 and 𝜈𝜈 are 
Burgers vector (0.286 [80]) and Possion’s ratio (0.291 [163]). Therefore, it can be 
seen that the precipitation mainly relies on the volume free energy and interfacial 
energy.  
In the case of volume free energy, it has been reported that Mo has only a small 
effect on the volume free energy of Nb precipitation in ferrite [80, 110].  
The interfacial energy of carbo-nitrides/matrix mainly derives from the 
difference of crystallographic orientation and lattice misfit between the 
precipitate and the surrounding matrix [164]. It is well-known that microalloying 
 180 
 
carbo-nitrides formed in the ferritic matrix typically keep Baker-Nutting 
orientation relationship [110]:  
                      (001)M(C, N) // (001)α    [010]M(C, N) // [110]α                  (8-7) 
Therefore the lattice misfits are:  
                                        𝛿𝛿1 =  �𝑒𝑒𝑀𝑀(𝐶𝐶,𝑁𝑁)−𝑒𝑒𝛼𝛼𝑒𝑒𝑀𝑀(𝐶𝐶,𝑁𝑁) �                                     (8-8) 
                                        𝛿𝛿2 =  �𝑒𝑒𝑀𝑀(𝐶𝐶,𝑁𝑁)−√2𝑒𝑒𝛼𝛼𝑒𝑒𝑀𝑀(𝐶𝐶,𝑁𝑁) �                                  (8-9) 
where, 𝑎𝑎𝑀𝑀(𝐶𝐶,𝑁𝑁) and 𝑎𝑎𝛼𝛼 are the lattice parameters for carbo-nitrides M(C, N) and 
ferrite. From the literature [80], the ferrite lattice parameter is taken as 0.286 
nm, and the lattice parameter (𝑁𝑁𝑀𝑀𝑘𝑘1+𝑚𝑚1𝑀𝑀𝑀𝑀𝑘𝑘2)(𝐶𝐶𝑘𝑘1+𝑘𝑘2,𝑁𝑁𝑚𝑚1) can be obtained by 
using the linear interpolation method [117]. As a consequence, the interfacial 
energy 𝜎𝜎 can be shown to be: 
                                   𝜎𝜎 = 𝐸𝐸𝑎𝑎𝛼𝛼/4𝜋𝜋(1 − 𝜐𝜐2)  𝑓𝑓(𝛿𝛿)                         (8-10) 
where E is elastic modulus (208.2 GPa [80]). Figure 7.9 shows the calculation 
results of interfacial energy of (𝑁𝑁𝑀𝑀𝑘𝑘1+𝑚𝑚1𝑀𝑀𝑀𝑀𝑘𝑘2)(𝐶𝐶𝑘𝑘1+𝑘𝑘2,𝑁𝑁𝑚𝑚1) as a function of 
temperature. It can be seen that below about 750°C the incorporation of Mo 
into Nb-rich precipitates results in a decrease in the interfacial energy of the 
precipitates as compared to the Mo-free system. Additionally, the increase of 
Mo/(Nb+Mo) ratio with decreasing temperature as shown in Fig. 7.8, correlates 
to the effect of Mo on interfacial energy, which becomes more significant at lower 
temperatures.  
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Figure 7.9 Interfacial free energy of the precipitates formed in ferrite for the 0.05Nb 
and 0.05Nb-0.3Mo steels.  
 
When (𝜕𝜕∆𝐺𝐺𝑒𝑒)/𝜕𝜕𝑑𝑑 = 0, the critical nucleus size 𝑑𝑑∗ and critical nucleation energy 
∆𝐺𝐺∗𝑒𝑒 can be estimated [110]:  
                 𝑑𝑑∗ =  −𝜎𝜎 ∆𝐺𝐺𝑒𝑒⁄ ∙ [1 ± (1 + 𝐴𝐴∆𝐺𝐺𝑒𝑒 2𝜋𝜋𝜎𝜎2⁄ ) 1 2⁄ ]                              (8-11) 
                 ∆𝐺𝐺∗𝑒𝑒 =  16𝜋𝜋𝜎𝜎3 (3∆𝐺𝐺𝑒𝑒2⁄ )  ∙ (1 + 𝐴𝐴∆𝐺𝐺𝑒𝑒 2𝜋𝜋𝜎𝜎2⁄ ) 3/2              (8-12) 
As a result, the critical nucleus size and critical nucleation energy for the 
precipitates in the 0.05Nb and 0.05Nb-0.3Mo steels are presented in Fig. 7.10. 
In general, the critical nucleus size and critical nucleation energy of the 
precipitates formed in the ferrite region for the Nb-Mo steel are comparatively 
lower than that for the Nb steel, which means that the precipitation is easier in 
the Nb-Mo steel because it has a smaller critical nucleus size. This can explain 
the SANS results from a thermodynamic perspective: precipitation begins earlier 
in the Nb-Mo steel (see Figs. 6.5 and 6.6). Furthermore, the APT results of the 
samples aged for 100 s at 650°C show that in the early stages of precipitation, 
more Mo atoms participate in the clustering, and this is because the 
incorporation of more Mo atoms into the nucleus reduces the interfacial energy 
of the cluster thus lowering the energetic barrier to nucleation. 
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Figure 7.10 Critical nucleus size (a) and critical nucleation energy (b) of the 
precipitates formed in ferrite for the 0.05Nb and 0.05Nb-0.3Mo steels.  
 
7.3.4 The effect of Mo on the kinetics of precipitation in 
ferrite  
When precipitates nucleate along dislocations, the nucleation rate of precipitates 
I can be described as [110]: lg (𝐼𝐼 𝐾𝐾) = lg(𝜋𝜋 ∙  𝑀𝑀2 ∙ 𝜌𝜌) + lg 𝑑𝑑∗2 − (∆𝐺𝐺∗ + 2 3𝑄𝑄)⁄ (𝑘𝑘 ∙ 𝑇𝑇 ∙ 𝑙𝑙𝑀𝑀10)⁄⁄           (8-13) 
where K is a constant which is independent with temperature, k is Boltzmann 
constant (1.38 × 10−23 J/K [80]), 𝜌𝜌 is dislocation density ( ~ 1015 /m2 [80]), Q is 
Nb diffusion activation energy (25200 J/mol [165]) and T is the temperature.  
The kinetics of phase transformation or precipitation can be expressed by an 
Avrami-type relationship [110]:  
𝑋𝑋 = 1 − exp (−𝐵𝐵𝑡𝑡𝑛𝑛)                                  (8-14) 
where B and n depend on the precipitation temperature, energy and nucleation 
and growth mechanism.  
When precipitates nucleate along dislocations, and the nucleation rate decreases 
rapidly to zero, n = 1 [110], thus, the relative precipitation starting time can be 
expressed as: lg(𝑡𝑡0.05 𝑡𝑡0⁄ ) = −1.28994 − 2𝑙𝑙𝑙𝑙𝑑𝑑∗ + (∆𝐺𝐺∗ + 5 3𝑄𝑄)/(𝑘𝑘 ∙ 𝑇𝑇 ∙ 𝑙𝑙𝑀𝑀10)⁄          (8-15) 
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Generally, 5% transformation is regarded as the beginning of precipitation. It is 
noted here that it is very difficult to estimate the effective time before the 
nucleation rate decreases to zero. Consequently, it was only possible here to 
quantify the relative precipitation starting time in this work. From equations (8-
14) and (8-15), it can be seen that the nucleation rate and precipitation 
nucleation start time are mainly determined on the critical nucleus size and 
critical nucleation energy, which are shown in Fig. 7.10. Figure 7.11 shows the 
nucleation rate and relative precipitation starting curve of the precipitates 
formed in ferrite for both alloys predicted using equations 8-13 and 8-15.  
 
 
Figure 7.11 Predicted nucleation rate (a) and relative precipitation starting curve (b) 
of the precipitates formed in ferrite for the 0.05Nb and 0.05Nb-0.3Mo steels. Curves 
calculated using equations 8-13 and 8-15. 
 
It can be seen that the Nb-Mo steel is predicted to have a higher nucleation rate 
and faster precipitation kinetics. Therefore, this calculation result theoretically 
supports the SANS result from a kinetic perspective. Additionally, from Fig. 7.11, 
the highest nucleation rate for the two steels is predicted to occur at a similar 
temperature, about 675°C. However, the fastest precipitation rate occurs for Nb 
and Nb-Mo steels at 770°C and 745°C respectively. This illustrates that the 
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addition of Mo lowers the “nose temperature” of precipitation-temperature-time 
curves. 
To examine the effect of Mo on the precipitate size evolution, it is pertinent to 
quantify the influence of Mo in the Ostwald ripening stage of precipitation. LSW 
theory [166, 167] was used to predict the average size of particles when the 
precipitation volume fraction is small: 
                        𝐶𝐶𝑚𝑚� = 𝐶𝐶0� [1 +  (8𝜎𝜎𝑉𝑉𝑃𝑃2𝐷𝐷𝑐𝑐0𝑡𝑡) (9𝑉𝑉𝐵𝐵𝑐𝑐𝑝𝑝𝑅𝑅𝑇𝑇𝐶𝐶0�3)]1 3⁄�                (8-16) 
where 𝐶𝐶0�  is the nucleus size, 𝜎𝜎 is the interfacial energy obtained in Fig. 7.8, 𝑉𝑉𝑃𝑃 
and 𝑉𝑉𝐵𝐵 are the mole volume of precipitates and solute atoms which can be 
achieved by linear interpolation [117], D is the diffusivity of controlling element, 
𝑐𝑐𝑃𝑃 (=1 after normalization [80]) and 𝑐𝑐0 are the mole concentration of controlling 
element in precipitates and matrix respectively, R is Avogadro's constant.  
In the LSW equation, 𝑚𝑚 = [(8𝜎𝜎𝑉𝑉𝑃𝑃2𝐷𝐷𝑐𝑐0) (9𝑉𝑉𝐵𝐵𝑐𝑐𝑝𝑝𝑅𝑅𝑇𝑇)]1 3⁄�  is the Ostwald ripening 
rate. It has been reported that for the Nb and Nb-Mo steel, Nb is the controlling 
element during Ostwald ripening [89, 117].  The diffusivity of Nb in ferrite can 
be expressed as:  
                                     𝐷𝐷𝑁𝑁𝑏𝑏−𝛼𝛼 = 50.2exp (−25200𝑅𝑅𝑇𝑇 )                         (8-17) 
𝑐𝑐0 can be obtained by : 
                                       𝑐𝑐0 = [𝑁𝑁𝑀𝑀] 𝑆𝑆𝐹𝐹𝐹𝐹100𝑆𝑆𝑀𝑀                                     (8-18) 
where 𝐴𝐴𝐹𝐹𝑒𝑒 and 𝐴𝐴𝑀𝑀 are the atomic weight of iron and controlling element Nb 
which are 55.845 and 92.9 respectively, [Nb] can be obtained equations (8-3) to 
(8-5). 
Figure 7.12 shows the predicted Ostwald ripening rate of the precipitates formed 
in ferrite for both steels as a function of temperature. It can be seen that the Mo 
addition has a positive effect in reducing the ripening rate, thus retarding the 
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growth and coarsening of particles containing Mo. This leads to a finer size 
distribution of precipitates. This calculation is in agreement with the SANS and 
APT results which show that the precipitates in the Nb-Mo steel aged at 650°C 
are smaller than that in the Nb steel, as shown in Table 7.4. 
 
 
Figure 7.12 Ostwald ripening rates of the precipitates formed in ferrite for the 0.05Nb 
and 0.05Nb-0.3Mo steels.  
 
7.4 Effect of Mo on precipitation and clustering 
behaviour after coiling at 700°C 
When aged at 700°C, both steels formed a duplex microstructure of polygonal 
ferrite and bainite. The TEM results (Fig. 6.28 and 6.28) show that within the 
polygonal ferrite phase, interphase precipitates were formed in both alloys. The 
size of precipitates were found to be finer in the Nb-Mo steel compared to the 
Nb steel. Additionally, the SANS results (Fig. 6.31 b) suggest that the addition 
of Mo increased the volume fraction of precipitates. This is consistent with 
previous literature [53]. 
The volume fractions achieved by SANS and APT for the Nb and Nb-Mo steels 
for 100 s and 10000 s at 700°C are shown in Fig. 7.13 and Table 7.5. The APT 
results show that after 100 s coiling at 700°C some clusters of sizes < 10 atoms 
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were formed in the Nb-Mo steel. The cluster-finding analysis in Chapter 6 
suggests that these clusters were Mo-Mo clusters. However, no significant 
clusters and precipitates were identified in the Nb steel coiled for 100 s at 700°C. 
Additionally, it can be seen from Fig. 7.13 that for both alloys coiled for 10000 
s at 700°C, larger precipitates were the main contributors to the whole volume 
fraction and the Nb-Mo steel had a higher volume fraction of larger precipitates 
as compared to the Nb steel. This mainly leads to the difference in the volume 
fraction obtained by SANS between the two steels.  
 
 
Figure 7.13 Volume fractions obtained by SANS and APT for the Nb and Nb-Mo 
steels coiled for 100 and 10000 s at 700°C. 
 
Table 7.5 Volume fractions obtained by SANS and APT for the Nb and Nb-Mo steels 
coiled at 700°C for 100 and 10000 s. 
Volume fraction (%) SANS 
APT 
clusters precipitates total 
Nb steel (100 s) - - - - 
Nb-Mo steel (100 s) - 0.0085±0.0005 - 0.0085±0.0005 
Nb steel (10000 s) 0.010±0.0009 0.0020±0.0003 0.010±0.001 0.0120±0.0013 
Nb-Mo steel (10000 s) 0.016±0.0010 0.0016±0.0004 0.014±0.001 0.0156±0.0014 
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Figure 7.14 and Table 7.6 show that size distributions and average sizes of 
significant clusters and larger precipitates for the Nb and Nb-Mo steels aged for 
100 and 10000 s. It can be seen that the Mo-Mo clusters of sizes < 10 atoms in 
the Nb-Mo steel coiled for 100 s at 700°C had an average diameter of 1.8 nm. 
After 10000 s coiling at 700°C, the SANS results show a similar average size for 
the two alloys, and the APT results reveal that the sizes of both significant 
clusters or precipitates for the Nb and Nb-Mo steels were quite close. This means 
that during coiling at 700°C the addition of Mo had a small effect on the size of 
clusters and precipitates, which was consistent with the SANS results shown in 
Fig. 6.31 a. 
 
Figure 7.14 Size distributions obtained using APT for the Nb and Nb-Mo steels coiled 
for 100 and 10000 s at 700°C. 
Table 7.6 Average diameters obtained by SANS and APT for the Nb and Nb-Mo steels 
coiled at 700°C for various holding times. 
 
Average diameter (nm) SANS 
APT 
clusters precipitates total 
Nb steel (100 s) NA NA NA NA 
Nb-Mo steel (100 s) NA 1.8±0.4 NA 1.8±0.4 
Nb steel (10000 s) 6.10 3.2±0.8 6.4±1.2  4.24±0.9 
Nb-Mo steel (10000 s) 5.77 3.4±0.3 6.0±1.0 4.01±0.8 
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After 10000 s coiling at 700°C the ratio of Mo/(Nb+Mo) in the larger precipitates 
in the Nb-Mo steel coiled for 10000 s at 700°C was 0.1, which was significantly 
lower than the ratio in the surrounding matrix (~ 0.8). The ratio of Mo/(Nb+Mo) 
in the larger precipitates was close to the thermodynamic prediction of around 
0.14, Fig. 7.8. 
According to the thermodynamic analyses in Fig. 7.9 and 7.10, when coiling at 
700°C the interfacial energy of the precipitates is significantly lower in the Nb-
Mo steel than in the Nb steel. This is achieved by mitigating the lattice misfit 
strain between the precipitates and matrix, leading to a lower critical nucleation 
energy and smaller critical nucleus sizes for the precipitation in the Nb-Mo steel. 
This indicates that the precipitation is thermodynamically easier to take place 
in the Nb-Mo steel coiled at 700°C.  
  
7.5 Effect of Mo on precipitation behaviour after 
coiling at 900°C 
The specimens coiled at 900°C show precipitation and coarsening in the austenite 
phase field, as shown in Figs. 6.46 and 6.48. The TEM analysis showed that Mo 
decreased the particle size, see Fig. 6.51.  
The TEM-EDX analyses for the Mo/(Nb+Mo) composition ratio are presented 
in Fig. 7.15. It can be seen that the ratio of Mo/(Nb+Mo) in the precipitates 
significantly decreased with coiling time and particle size. Thus, we can conclude 
that the incorporation of Mo atoms into the precipitates in the early stage of 
precipitates was beneficial to the nucleation of precipitates, however, in the 
growth and coarsening stage, Mo atoms were partitioned out of the precipitates, 
which may slow the growth and coarsening rate of precipitation. 
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Figure 7.15 Ratio of Mo/(Nb+Mo) in the precipitates formed in the Nb-Mo steel coiled 
at 900°C for various times. 
 
7.5.1 The effect of Mo on the thermodynamics and kinetics 
of precipitation in austenite  
Unlike the lower two coiling temperatures, coiling at 900°C is in the austenite 
phase field, rather than the ferrite phase field. Therefore the thermodynamic 
calculations are repeated here for the austenite phase field. In the austenite 
region, the solid solubility products of NbC, NbN and MoC are obtained from 
[110, 117]: log{[𝑁𝑁𝑀𝑀] ∙ [𝐶𝐶]}𝛾𝛾 = 2.96 − 7510 𝑇𝑇⁄                            (8-19) log{[𝑀𝑀𝑀𝑀] ∙ [𝐶𝐶]}𝛾𝛾 = 4.251 − 3468 𝑇𝑇⁄                          (8-20) log{[𝑁𝑁𝑀𝑀] ∙ [𝑁𝑁]}𝛾𝛾 = 3.70 − 10800 𝑇𝑇⁄                          (8-21) 
where, [M] presents the weight percentage of element M in solid solution. 
Through the thermodynamic model for (𝑁𝑁𝑀𝑀𝑘𝑘1+𝑚𝑚1 ,𝑀𝑀𝑀𝑀𝑘𝑘2)(𝐶𝐶𝑘𝑘1+𝑘𝑘2,𝑁𝑁𝑚𝑚1) given in 
§7.3.3, the equilibrium Mo/(Nb+Mo) ratio at 900°C is 0.00177, which is also 
shown in Fig. 7.15. This indicates that the precipitates observed in this study 
are not thermodynamically stable, and do not have an equilibrium composition.  
It has been well-known that microalloying carbo-nitrides formed in the austenite 
 190 
 
matrix typically keep a cube-on-cube orientation relationship with the matrix 
[110]. Therefore the lattice misfits are:  
                      𝛿𝛿 =  �𝑒𝑒𝑀𝑀(𝐶𝐶,𝑁𝑁)−𝑒𝑒𝛼𝛼
𝑒𝑒𝑀𝑀(𝐶𝐶,𝑁𝑁) �                                     (8-22) 
where, 𝑎𝑎𝑀𝑀(𝐶𝐶,𝑁𝑁) and 𝑎𝑎𝛼𝛼 are the lattice parameters for carbo-nitrides M(C, N) and 
austenite. From the literature [25, 80], the austenite lattice parameter is taken 
here to be 0.36615 nm, and the lattice parameter (𝑁𝑁𝑀𝑀𝑘𝑘1+𝑚𝑚1𝑀𝑀𝑀𝑀𝑘𝑘2)(𝐶𝐶𝑘𝑘1+𝑘𝑘2,𝑁𝑁𝑚𝑚1) 
can be obtained by using the linear interpolation method [117]. According to 
equation (8-10), the interfacial energy between the precipitates and the austenite 
matrix can be calculated, and this is shown in Fig. 7.16. It can be seen that 
precipitates in the Nb-Mo steel have a lower interfacial energy than in the Nb 
steel when coiled at 900°C.  
 
 
Figure 7.16 Interfacial free energy of the precipitates formed in austenite for the 
0.05Nb and 0.05Nb-0.3Mo steels, calculated using equation 8-10.  
 
The previous work done by Zhang [114] and Wang [116] showed that the Mo 
incorporates into MC precipitates increases the Gibbs free energy of precipitation. 
According to the classic theory of nucleation [6, 31, 110], the decrease of Gibbs 
free energy (absolute value) reduces the driving force for precipitation, while the 
decrease of interfacial energy is beneficial for precipitation. Thus, a competition 
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between Gibbs free energy and interfacial energy exists during precipitation in 
the austenite region.  
It was observed that in the early stages of nucleation the precipitates incorporate 
a larger amount of Mo atoms into their matrix, being well above equilibrium in 
Mo concentration. Consequently, at beginning of precipitation, the interfacial 
free energy is reduced which will assist the nucleation event. However, after 
prolonged coiling treatment at 900°C, the ratio of Mo/(Nb+Mo) significantly 
drops, suggesting that Mo plays a significant role in nucleation, but has a less 
significant role in growth.  
The notion that the higher Mo concentration at short coiling times aids with 
nucleation is consistent with the smaller particle size on the Nb-Mo steel 
compared to the Nb steel, as shown in Fig. 6.51. Additionally, on the basis of 
Ostwald ripening theory [80] and equation (8-16), the ripening rate of 
precipitates is associated with the interfacial energy of the precipitates/austenite 
interface and the value of the diffusion coefficient D·c0 of the rate-limiting 
element. Through calculation and equation (8-18), at 900°C, D·c0-Nb (= 9.9 × 
10-17) is smaller than D·c0-Mo(= 4.3 × 10-16). Thus, Nb is the rate-limiting element 
in both steels. Since the Nb concentration is the same in both steels, the ripening 
rate must therefore mainly be affected by interfacial free energy. Consequently, 
the ripening rate of precipitates in the Nb-Mo steel coiled at 900°C is significantly 
smaller than that in the Nb steel, leading to a smaller particle size even after a 
very long time coiling (10000 s). The partitioning of Mo atoms out of precipitates 
during growth and coarsening may also contribute to a slower growth and 
coarsening rate in the Nb-Mo steel.  
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7.6 Correlation between APT and SANS  
Atom probe tomography (APT) and small-angle neutron scattering (SANS) are 
two characterisation techniques which can be utilised to characterise small nano-
scale features. APT is a local scale technique for quantifying the nano-scale 
precipitates and clusters in a small sample volume and provides 3D reconstructed 
spatial images at near atomic scale. However, there are limitations to APT such 
as the small volume examined, intrinsic spatial and mass resolution, and the 
result of cluster analyses strongly depending on the input parameters [138, 143]. 
SANS is a bulk analysis technique which is able to perform quantitative 
measurements on a bulk sample with high statistical confidence, however, SANS 
is also limited because a knowledge of the precipitate shape and chemistry is 
required for the data fitting procedure. A combination of local-scale APT and 
global SANS measurements are becoming more common in metal research to 
address these limitations [70, 130, 168].  In this section, the correlation between 
SANS and APT techniques is discussed.  
Quantification of the volume fraction and size distribution from each of these 
techniques may be affected by the following factors: 
(1) The volume of data. The beam size during SANS analysis was around 
5 mm with the thickness of samples around 0.3 – 0.6 mm, which means 
the volume of examination during the SANS experiments was 5.8 – 12 
mm3, around 1015 times larger than the APT data. Additionally, the 
precipitation during ageing treatment at 650°C started along dislocations 
and grain boundaries (as shown in Fig. 6.4, due to the lower nucleation 
energy [7]). As a consequence, the local data (APT) may not accurately 
reflect the whole precipitation information as compared to the SANS.  
(2) Reconstruction errors. Potential errors in reconstructions of data due 
to the use of simplified geometry within the reconstruction algorithm, 
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choice of mass ranging of the mass spectrum, overlapping peaks in the 
mass spectrum. 
(3) APT instrument limitations. The APT results for cluster-finding 
process is significantly influenced by the atom probe detector efficiency. 
In this work, the detection efficiency ( 𝜉𝜉 = 0.42 ) is stochastically 
consistent for every APT test, which affects all the APT data collection 
equally. However, < 100% detection of atoms in the APT experiments 
may be one of the reasons leading to the differences of the 
cluster/precipitation results between the SANS and APT. 
(4) SANS background subtraction. The SANS signal was normalised by 
an assumed background, and the present case, the signals from the as-
cast samples were used as this baseline. Therefore, if clusters were present 
in the as-cast sample, any subsequent analysis using this baseline would 
not be accurate.  
(5) SANS data fitting. Assumptions about the diffracting species are 
required for the mathematical fitting of the scattering signal. The 
precipitates and clusters were assumed to be spherical and non-magnetic, 
which is different to the previous work reporting that the precipitates 
formed in ferrite and interphase precipitates may have a disc shape [80]. 
It was also assumed that the precipitates have a log-normal distribution. 
Volume fraction determination requires input of the scattering contrast 
factor into the model, and in the present case, it was assumed that the 
particles were non-magnetic. If the particles were partially magnetized, 
their volume fraction would be over-estimated.  
(6) APT cluster finding procedure. In the case of the APT data analysis, 
the maximum separation method was used for cluster-finding. This 
method is strongly dependent on the parameter selection, such as 𝑑𝑑𝑚𝑚𝑒𝑒𝑚𝑚. 
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There is no universally correct cluster-finding algorithm that can fit all 
data sets, appropriate choice of input parameters must be made on a case-
by-case basis depending on attributes of the data set such as composition 
of the alloy and size of clusters. 
Table 7.7 and Table 7.8 summarise the compositions of the larger precipitates in 
the Nb and Nb-Mo steels aged for 10000 s at 650°C and coiled for 10000 s at 
700°C. It should be noted that Fe contents in clusters are not given since Fe was 
not included as a solute atom of interest for the cluster identification. From 
Table 7.7 and Table 7.8, It can be seen that the larger precipitates in the two 
steels aged for 10000 s at 650°C had around 80% and 85% Fe respectively, while 
the larger precipitates in the two steels coiled for 10000 s at 700°C had around 
20% Fe. These compositions were determined using the proxigram method. This 
may over overestimate the true Fe concentration in larger precipitates in two 
different ways. Firstly, the boundary chosen by the iso-concentration may 
include a small amount of the matrix, thus the average within the iso-surface 
will be slightly inflated in Fe. The other source of an increase in Fe content is 
reconstruction artefacts such as trajectory aberrations and local magnification 
effects.  
Some theoretical calculations on the magnetic moments of small features 
containing Fe have been reported, but most of these studies have been carried 
out on nano-particles where the free surface has a significant effect on the 
magnetic properties [169]. However, in this work, the clusters are bound within 
the solid solution. Very little work in the literature studies the magnetic 
properties of such small clusters, nor is there a good understanding of how the 
composition modifies the ability of the volume to be magnetised. Table 7.8 shows 
that the samples coiled at 700°C have very low Fe contents, and are likely to be 
niobium carbo-nitrides. These particles are therefore non-magnetic and provide 
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an accurate SANS signal as has been discussed previously in the literature [70, 
170, 171]. Table 7.7 shows the precipitates formed at 650°C have quite a high 
Fe content, although as stated, local magnification effects can artificially inflate 
this value [134]. In the reference [85], the precipitates formed at 650°C had an 
average Fe concentration of 11 at.%. It is known that cementite (Fe3C) is non-
magnetic [70], therefore we can assume that volumes with less than ~ 75% Fe 
are also likely to be non-magnetic. The precipitates listed in Table 7.7 contain a 
significant quantity of Fe and could either be partially magnetized or non-
magnetized during the SANS measurement. Consequently, it is possible that 
these partially magnetic particles will generate a smaller scattering signal during 
the SANS experiment than the non-magnetic particles.   
 
Table 7.7 Compositions of the larger precipitates in the Nb and Nb-Mo steels aged for 
10000 s at 650°C. 
 
 
 
 
Table 7.8 Compositions of the larger precipitates in the Nb and Nb-Mo steels coiled 
for 10000 s at 700°C. 
 
 
 
 
The shape of clusters observed using APT can be defined by the ratio of the axes 
of an ellipsoid. The equations for aspect ratio and oblateness calculation can be 
obtained from [134]. Figure 7.17 shows the morphology analysis for the 
significant clusters in the Nb steel aged for 100 s at 650°C. It can be seen that 
the shape of the clusters were not perfectly spherical. As mentioned, the clusters 
 C Nb N Mo Mn Si Fe 
Nb steel 2.5 8.0 5.0 - 2.8 0.5 80 
Nb-Mo steel 0.7 6.0 3.6 1.2 2.8 0.7 85 
 C Nb N Mo Mn Si Fe 
Nb steel 18 40 13 - 4.0 6.0 20 
Nb-Mo steel 12 33 14 5.0 3.0 13 20 
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and precipitates were assumed to be perfectly spherical for the mathematical 
fitting of the SANS signals. Therefore, when comparing the SANS and APT 
results, the shape of clusters and precipitates (form factor) should be considered.  
 
 
Figure 7.17 Cluster morphology analysis for the Nb steel aged for 100 s at 650°C. 
 
7.6.1  Volume fraction comparison 
The comparisons between SANS and APT with regard to volume fraction for 
both alloys are presented in Fig. 7.18 and Fig. 7.19. Generally, the volume 
fractions measured by APT are slightly higher than that obtained by SANS. The 
APT analysis showed that there were two kinds of particles, small clusters and 
larger precipitates. As mention in the last section, precipitates and clusters 
containing a significant quantity of Fe are likely to be partially magnetic. Thus, 
it is possible that the small clusters are not detected by SANS because only non-
magnetic volumes produce a scattering signal. This is the most likely reason that 
the APT volume fractions are slightly larger than the SANS measurements. 
Overall though, the volume fractions predicted by APT and SANS were well 
matched across the sample set examined in this thesis. 
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Figure 7.18 Volume fractions obtained by SANS and APT for the Nb and Nb-Mo 
steels aged for 100 and 10000 s at 650°C. 
 
 
Figure 7.19 Volume fractions obtained by SANS and APT for the Nb and Nb-Mo 
steels coiled for 100 and 10000 s at 700°C. 
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7.6.2  Size distribution comparison 
A comparison between SANS and APT with regard to size distribution is 
presented in Fig. 7.20 and Fig. 7.21. It can be seen that there are offsets of size 
distribution between SANS and APT for both aged/coiled alloys. For the 
samples coiled for 100 s at 650°C, SANS did not detect the small clusters in the 
Nb steel, therefore no comparison is possible. For the Nb-Mo steel the SANS 
showed a smaller cluster size than the APT. This could be due to the cluster-
finding method which is strongly dependent on 𝑑𝑑𝑚𝑚𝑒𝑒𝑚𝑚, a selection of a larger 𝑑𝑑𝑚𝑚𝑒𝑒𝑚𝑚 
will result in an overestimated cluster size. 
For the longer ageing time of 10000 s at 650°C, the SANS precipitate size was, 
on average, larger than that found by APT. However, the APT had two 
contributing sizes, the precipitates and clusters, and it can be seen that the 
SANS data did match well with the APT for the larger precipitates. As already 
mentioned, the clusters are probably not detected by SANS because they might 
be partially magnetic. Additionally, as shown in Fig. 7.17, the clusters and 
precipitates are not perfectly spherical. This will also add the offset of size 
distribution between SANS and APT. 
Very similar results are found when comparing the APT and SANS from the 
700°C coiling treatment. The SANS predicts a larger particle size than APT, but 
the data from both techniques matched well when considering only the larger 
precipitates.  
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Figure 7.20 Size distributions obtained by SANS and APT for the Nb and Nb-Mo 
steels aged for 100 and 10000 s at 650°C. 
 
 
Figure 7.21 Size distributions obtained by SANS and APT for the Nb and Nb-Mo 
steels coiled for 100 and 10000 s at 700°C. 
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7.7 Correlation of microstructure to mechanical 
properties 
7.7.1 Ageing at 650°C 
The microstructural analysis showed that after ageing at 650°C, the aged 
microstructure remained fully bainite, no obvious change occurred in the 
microstructure in either alloy, Fig. 7.22. However, it has been shown that 
softening of bainite will occur in carbon steels when ageing at a high temperature, 
which is due to static recovery of dislocations, cementite coarsening and 
recrystallization [172]. The static recovery of the microstructure can be 
qualitatively seen in the band contrast map of the EBSD measurements, Fig. 
7.23. It can be seen that the average band contrast, which is a measure of the 
grain rotation and dislocation density within the diffracting volume, increases 
with ageing time. This indicates that the bainite is undergoing recovery during 
the ageing treatment, and this will be accompanied by softening. Therefore, the 
change in properties during ageing at 650°C will be due to the combined effect 
of the microstructure softening and the strengthening from clusters and 
precipitates.  
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Figure 7.22 EBSD images of the alloys in the as-cast condition (a) the Nb steel and 
(c) the Nb-Mo steel; and the alloys aged at 650°C for 10000 s (b) the Nb steel and (d) 
the Nb-Mo steel. (solidification direction - SD is shown by the arrows.) 
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Figure 7.23 EBSD band contrast images of the alloys in the as-cast condition (a) the 
Nb steel and (c) the Nb-Mo steel; and the alloys aged at 650°C for 10000 s (b) the Nb 
steel and (d) the Nb-Mo steel. (solidification direction - SD is shown by the arrows.) 
 
Figure 7.24 shows the shear punch results for the Nb and Nb-Mo steels aged for 
various times at 650°C. It shows a greater yield strength increase for the Nb-Mo 
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steel after 100 s and 500 s ageing time, as compared to that for the Nb steel. 
After 10000 s ageing, a marked reduction in strength of both alloys was observed, 
and is probably associated with both dislocation recovery of the bainite and 
particle coarsening [2].  
 
 
Figure 7.24 Equivalent yield stress for the two alloys aged for 650°C, measured from 
the shear punch test. 
 
A full quantification of the clusters and precipitates present in the microstructure 
have been performed using SANS and APT. This information can be used to 
calculate the cluster and precipitate hardening for each ageing time. The cluster 
and precipitate strengthening can be estimated by shearing and Orowan models, 
which can be expressed [120]: 
𝜎𝜎𝑝𝑝𝑝𝑝𝑚𝑚−𝑠𝑠ℎ𝑒𝑒𝑒𝑒𝑟𝑟𝑖𝑖𝑛𝑛𝑚𝑚 = 0.071.5𝑀𝑀𝐺𝐺�3𝑅𝑅𝑓𝑓𝑣𝑣2𝑏𝑏𝑏𝑏                                (8-23) 
𝜎𝜎𝑝𝑝𝑝𝑝𝑚𝑚−𝑂𝑂𝑂𝑂𝑣𝑣𝑟𝑟𝑒𝑒𝑛𝑛 = 0.7𝑀𝑀𝐺𝐺𝑀𝑀 �𝑓𝑓𝑣𝑣𝑅𝑅                                       (8-24) 
where 𝑀𝑀 is Taylor factor (~ 3), 𝐺𝐺 = 80650 MP𝑎𝑎 is shear modulus of ferritic 
matrix, 𝑀𝑀 = 0.25 nm is the Burgers vector, 𝑅𝑅  and 𝑓𝑓𝑣𝑣  are radius and volume 
fraction of the significant clusters and precipitates.  
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Table 7.9 shows the cluster and precipitate hardening of the significant clusters 
and larger precipitates identified by APT respectively (using the volume fraction 
in Table 7.2 and the size in Table 7.4), predicted using equations (8-23) and (8-
24). It can be seen that the cluster and precipitate hardening by the shearing 
mechanism is consistently lower than the predicted Orowan strengthening, thus 
the shearing mechanism is dominant in these samples. Furthermore, Table 7.9 
shows that the Nb-Mo steel aged for 100 s at 650°C has a much greater cluster 
hardening effect as compared to the Nb steel, which is consistent with the 
measured mechanical properties shown in Fig. 7.24.  
 
Table 7.9  Cluster and precipitate hardening from the significant clusters identified by 
APT, calculated using equations (8-23) and (8-24) for the Nb and Nb-Mo steels aged at 
650°C. 
Ageing 
time 
Nb steel Nb-Mo steel 
𝜎𝜎𝑝𝑝𝑝𝑝𝑚𝑚−𝑠𝑠ℎ𝑒𝑒𝑒𝑒𝑟𝑟𝑖𝑖𝑛𝑛𝑚𝑚 𝜎𝜎𝑝𝑝𝑝𝑝𝑚𝑚−𝑂𝑂𝑟𝑟𝑣𝑣𝑂𝑂𝑒𝑒𝑛𝑛 𝜎𝜎𝑝𝑝𝑝𝑝𝑚𝑚−𝑠𝑠ℎ𝑒𝑒𝑒𝑒𝑟𝑟𝑖𝑖𝑛𝑛𝑚𝑚 𝜎𝜎𝑝𝑝𝑝𝑝𝑚𝑚−𝑂𝑂𝑟𝑟𝑣𝑣𝑂𝑂𝑒𝑒𝑛𝑛 
0 s 41(cluster) 350(cluster) 30(cluster) 201(cluster) 
100 s 56(cluster) 376(cluster) 110(cluster) 245(cluster) 
10000 s 27(cluster) 578(cluster) 81(cluster) 414(cluster) 209(precipitate) 273(precipitate) 198(precipitate) 383(precipitate) 
 
The yield strength has only two contributions, microstructure and precipitation 
hardening. A simple relationship is used here to describe the yield strength: 
𝜎𝜎𝑦𝑦 = 𝜎𝜎𝑚𝑚𝑖𝑖𝑐𝑐𝑟𝑟𝑣𝑣𝑠𝑠𝑚𝑚𝑟𝑟𝑛𝑛𝑐𝑐𝑛𝑛𝑚𝑚𝑟𝑟𝑒𝑒 + 𝜎𝜎𝑝𝑝𝑝𝑝𝑚𝑚                             (8-25) 
where 𝜎𝜎𝑚𝑚𝑖𝑖𝑐𝑐𝑟𝑟𝑣𝑣𝑠𝑠𝑚𝑚𝑟𝑟𝑛𝑛𝑐𝑐𝑛𝑛𝑚𝑚𝑟𝑟𝑒𝑒 is the strength of the bainite, which is a summation of the 
Fe matrix, solid solution strengthening, dislocation strengthening and grain size 
effect. 𝜎𝜎𝑝𝑝𝑝𝑝𝑚𝑚  is the cluster and precipitate hardening. Therefore, the 
𝜎𝜎𝑚𝑚𝑖𝑖𝑐𝑐𝑟𝑟𝑣𝑣𝑠𝑠𝑚𝑚𝑟𝑟𝑛𝑛𝑐𝑐𝑛𝑛𝑚𝑚𝑟𝑟𝑒𝑒 i.e. the bainite strength when ageing at 650°C can be obtained by 
subtracting precipitation and clustering hardening (Table. 7.9) from the overall 
strength (Fig. 7.24).  
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Figure 7.25 shows that the contribution from bainite phase, cluster and 
precipitate hardening to the entire yield strength. It can be seen that after 100 
s ageing at 650°C, the bainite strength for both alloys are similar, and are also 
close to the bainite strength for the as-cast steels. In the Nb steel, no significant 
cluster and precipitate strengthening takes place after 100 s ageing as compared 
to the as-cast condition, while a significant cluster strengthening occurs in the 
Nb-Mo steel after 100 s ageing at 650°C, leading to the marked increase in the 
entire strength of the Nb-Mo steel. After 10000 s ageing, the bainite strength in 
both alloys decreases significantly to a similar level, which is the result of static 
recovery of the bainite. This leads to a drop in strength from the peak strength 
for both alloys, as shown in Fig. 7.24, although there are a significant precipitate 
and cluster hardening in both steels. Moreover, after 10000 s ageing at 650°C, 
around 200 MPa precipitate hardening is contributed from the larger precipitates 
identified in both steels. Furthermore, Figure 7. 25 also shows that the bainite 
strength during ageing at 650°C is independent of alloy composition but 
dependent on ageing time. Thus the main effect of Mo during ageing at 650°C is 
via affecting the precipitation and clustering. 
 
 
Figure 7.25 Contribution from bainite phase, precipitate and cluster hardening to the 
overall yield strength for both alloys aged at 650°C.   
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7.7.2 Coiling at 700°C 
The microstructural observations shown in Chapter 5 demonstrate that 
polygonal ferrite was formed during coiling at 700°C for the two alloys, with the 
remainder of the microstructure forming bainite, Fig. 7.26. Polygonal ferrite is a 
soft phase, while the bainite is a harder microstructural phase. With increasing 
coiling time the volume fraction of polygonal ferrite increased, rejects carbon 
into the austenite, resulting in the bainite becoming harder.  
 
 
Figure 7.26 Optical micrograph of the Nb-Mo steel coiled for 3000 s at 700°C. 
 
Nano-hardness was carried out on the specimens to examine the strength of each 
of the individual phases. Figure 7.27 shows the results of the nano-hardness 
testing for the as-cast samples and the steels coiled at 700°C for various times.  
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Figure 7.27 Nano-hardness distribution for the Nb and Nb-Mo steels coiled at 700°C 
for various times, including the as-cast samples. 
 
The measured nano-hardness results are summarised in Fig. 7.28. It can be seen 
that in both steels the nano-hardness of bainite increases with coiling time. 
Meanwhile, the nano-hardness of ferrite shows an increase followed by a decrease, 
probably due to precipitation coarsening. 
 
 
Figure 7.28 Measured nano-hardness of the bainite and ferrite for both alloys coiled 
at 700°C. 
 
The nano-hardness has been converted to equivalent yield strength using the 
relationship, which was developed by [173]: 
𝜎𝜎𝑦𝑦 = 260.62𝐻𝐻 − 653.7                                    (8-26) 
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where H is the nano-hardness. The equivalent yield strengths for the different 
phases for the two alloys are summarised in Table 7.10.  
 
Table 7.10 Equivalent yield strengths (MPa) for different phases converted from nano-
hardness for the Nb and Nb-Mo steels coiled at 700°C for various times. 
Ageing time 
Nb steel Nb-Mo steel 
ferrite bainite ferrite bainite 
0 s - 600±8 - 605±12 
100 s  446±20 627±22 441±15 675±15 
1000 s 558±22 700±24 571±12 688±18 
3000 s 561±12 702±23 592±14 702±21 
10000 s 516±10 741±30 548±11 722±24 
 
(1) Precipitate hardening of the ferrite 
In microalloyed low-carbon steels, the entire strength of each microstructural 
constituent 𝜎𝜎𝑦𝑦 is composed of:  
                 𝜎𝜎𝑦𝑦 = 𝜎𝜎0 + 𝜎𝜎𝑠𝑠𝑠𝑠 + 𝜎𝜎𝑚𝑚 + 𝜎𝜎𝑝𝑝𝑝𝑝𝑚𝑚 + 𝜎𝜎𝑒𝑒𝑖𝑖𝑠𝑠                           (8-27) 
where 𝜎𝜎0 is the friction strength of the iron matrix which is not changed during 
coiling, 𝜎𝜎𝑠𝑠𝑠𝑠 , 𝜎𝜎𝑚𝑚 , 𝜎𝜎𝑝𝑝𝑝𝑝𝑚𝑚  and 𝜎𝜎𝑒𝑒𝑖𝑖𝑠𝑠  are the solid solution strengthening, grain 
refinement strengthening, precipitate hardening and dislocation hardening 
respectively. The dislocation density is not expected to be different within the 
ferrite for the different coiling times, and for such large sized grains the  𝜎𝜎𝑚𝑚 value 
does not change significantly. Thus the measured strength of the ferrite comes 
from  𝜎𝜎𝑠𝑠𝑠𝑠, 𝜎𝜎0 and 𝜎𝜎𝑝𝑝𝑝𝑝𝑚𝑚. 
The cluster and precipitate hardening (𝜎𝜎𝑝𝑝𝑝𝑝𝑚𝑚) can be estimated using equations 
(8-23) and (8-24) using the cluster/precipitate sizes (Table 7.6) and volume 
fractions (Table 7.5) measured using APT. The strengthening estimates are 
shown in Table 7.11. It can be seen that when coiling at 700°C shearing is still 
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the dominant mechanism for the interaction between clusters/precipitates and 
dislocations, and the Nb-Mo steel has a greater cluster and precipitate 
strengthening effect than the Nb steel.  
 
Table 7.11 Cluster and precipitate hardening from the significant clusters identified 
by APT, calculated using equations (8-23) and (8-24) for both alloys coiled at 700°C. 
Ageing 
time 
Nb steel Nb-Mo steel 
𝜎𝜎𝑝𝑝𝑝𝑝𝑚𝑚−𝑠𝑠ℎ𝑒𝑒𝑒𝑒𝑟𝑟𝑖𝑖𝑛𝑛𝑚𝑚 𝜎𝜎𝑝𝑝𝑝𝑝𝑚𝑚−𝑂𝑂𝑟𝑟𝑣𝑣𝑂𝑂𝑒𝑒𝑛𝑛 𝜎𝜎𝑝𝑝𝑝𝑝𝑚𝑚−𝑠𝑠ℎ𝑒𝑒𝑒𝑒𝑟𝑟𝑖𝑖𝑛𝑛𝑚𝑚 𝜎𝜎𝑝𝑝𝑝𝑝𝑚𝑚−𝑂𝑂𝑟𝑟𝑣𝑣𝑂𝑂𝑒𝑒𝑛𝑛 
100 s 0 0 50(cluster) 503(cluster) 
10000 s 33(cluster) 103(cluster) 30(cluster) 116(cluster) 103(precipitate) 118(precipitate) 153(precipitate) 194(precipitate) 
 
Since the combined TEM, SANS and APT results suggest that no precipitates 
were found in the 100 s coiled sample, the entire strength of ferrite in this case 
can be regarded as having just two components: the intrinsic strength of the 
ferrite,  𝜎𝜎0 , and the solid solution strengthening component, 𝜎𝜎𝑠𝑠𝑠𝑠 . From the 
literature it is known that carbon is a very strong solid solution strengthener, 
and the strength increases by [174]: 
𝜎𝜎𝑠𝑠𝑠𝑠  =  1722.5 × √𝐶𝐶                   (8-28) 
where the C is the concentration (wt.%) of carbon in solid solution in ferrite, 
which can be obtained by APT analysis. Table 7.12 gives the carbon contents 
and the corresponding solid solution strengthening at 100 and 10000 s for both 
alloys. Therefore, the intrinsic ferrite strength 𝜎𝜎0 for the two alloys are ~ 93 and 
75 MPa, respectively.  
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Table 7.12 Carbon concentration of in ferrite matrix and the corresponding solid 
solution strengthening for both alloys coiled at 700°C for 100 and 10000 s. 
Ageing 
time 
Nb steel Nb-Mo steel 
𝐶𝐶, wt.% 𝜎𝜎𝑠𝑠𝑠𝑠(MPa) 𝐶𝐶, wt.% 𝜎𝜎𝑠𝑠𝑠𝑠(MPa) 
100 s 0.0421            353 0.0452 366 
10000 s 0.0282 289 0.0344 319 
 
Figure 7.29 shows the measured and predicted ferrite strength values according 
to equation (8-27).  Since carbon is a strong solid solution strengthening element 
[110], a lower carbon content in solid solution will lead to a decrease in solid 
solution strengthening. Therefore, as precipitation proceeds, the solid solution 
strengthening from C decreases. The balance between the increase in strength 
from precipitation and the loss of strength from carbon in solution explains the 
maxima in ferrite strength seen in Fig. 7.28 for both alloys. 
 
 
Figure 7.29 The comparison between measured and predicted cluster and precipitation 
hardening for both alloys coiled at 700°C (green is the measured hardening, red and 
blue are predicted cluster and precipitate hardening respectively).   
 
(2) Predicting the strength of the microstructure 
The yield strength 𝜎𝜎𝑦𝑦 is the summation of contributions from ferrite 𝜎𝜎𝑓𝑓𝑒𝑒𝑟𝑟𝑟𝑟𝑖𝑖𝑚𝑚𝑒𝑒 and 
bainite 𝜎𝜎𝑏𝑏𝑒𝑒𝑖𝑖𝑛𝑛𝑖𝑖𝑚𝑚𝑒𝑒. A simple relationship is used here to describe the yield strength: 
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𝜎𝜎𝑦𝑦 = 𝑥𝑥𝑓𝑓𝜎𝜎𝑓𝑓𝑒𝑒𝑟𝑟𝑟𝑟𝑖𝑖𝑚𝑚𝑒𝑒 + (1 − 𝑥𝑥𝑓𝑓)𝜎𝜎𝑏𝑏𝑒𝑒𝑖𝑖𝑛𝑛𝑖𝑖𝑚𝑚𝑒𝑒                             (8-29) 
where 𝑥𝑥𝑓𝑓 is the ferrite fraction. Since the precipitation during coiling at 700°C 
only occurred in ferrite, thus, 𝜎𝜎𝑓𝑓𝑒𝑒𝑟𝑟𝑟𝑟𝑖𝑖𝑚𝑚𝑒𝑒 derives from the intrinsic strength and 
precipitation strengthening.  
Since the strength and volume fraction of each phase are known for the different 
coiling times, the yield strength can be calculated based on equations (8-29). 
Figure 7.30 shows the measured yield strength as a function of the predicted 
results, the measured yield strength is derived from Vickers hardness Hv using 
equation [175, 176]:  
   𝜎𝜎𝑦𝑦 = 3.06 × 𝐻𝐻𝑣𝑣                                           (8-30) 
It can be seen that the measured yield strength has a near 1:1 linear relationship 
with the predicted strength for both alloys. This illustrates that the predicted 
result is in good agreement with the measured yield strength. 
 
 
Figure 7.30 The measured yield strength from macro-hardness as a function of the 
predicted strength.  
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7.7.3 Coiling at 900°C 
The optical microscopy observations show that the coiled microstructure of both 
alloys were mainly bainite, as shown in Fig. 7.31. The TEM work shows that 
precipitates were formed during coiling at 900°C, which will result in 
precipitation hardening. Moreover, the size of precipitates increased with time 
during coiling at 900°C, as shown in Fig. 7.32. Therefore, precipitation hardening 
is thought to be the main reason for the change of yield strength for both steels. 
 
 
Figure 7.31 Optical micrograph of the Nb steel coiled for 3000 s at 900°C. 
 
                    
Figure 7.32 Size evolution of the precipitates developed in the Nb and Nb-Mo steels 
coiled at 900°C for various times. 
50 µm 
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Figure 7.33 shows the yield strength converted from hardness measurement for 
both alloys using equation (8-30). It can be seen that the yield strength has a 
peak value at 3000 s when coiled at 900°C for the two alloys. The strength of 
the Nb-Mo steel is consistently higher than that of the Nb steel.  
 
  
Figure 7.33 Equivalent yield strength converted from hardness the Nb and Nb-Mo 
steels coiled at 900°C for various times. 
 
Based on the Orowan by-pass equation (8-24), the maximum precipitation 
hardening for each coiling time at 900°C can be predicted using maximum 
theoretical volume fraction calculated by Thermo-Calc (0.0605%), as shown in 
Table 7.13. It can been seen that the Nb-Mo steel has a greater precipitation 
hardening potential that the Nb steel when coiling at 900°C due to the smaller 
average particle size.  
 
Table 7.13 Precipitation hardening (MPa) by Orowan mechanism calculated using 
equation (8-24) for the Nb and Nb-Mo steels coiled at 900°C. 
Ageing time Nb steel Nb-Mo steel 
1000 s 144 171 
3000 s 96 140 
10000 s 63 87 
 215 
 
The change in yield strength between the as-cast and coiled samples provides a 
direct measure of the precipitate hardening for each sample. Figure 7. 34 
compares the measured precipitation hardening with the predicted precipitate 
hardening shown in Table 7.13. It can been seen that for both alloys the 
predicted and measured precipitation hardening at 3000 s are close. For coiling 
times less than 3000 s the measured strength is lower than the predicted strength, 
and this is probably because the volume fraction is lower than the maximum. 
For the longest coiling time, the measured yield strength is lower than the 
predicted strength because after a long time coiling, the concentration of carbon 
in solid solution decreases due to precipitation, resulting in a lower solid solution 
strengthening. Additionally, the coarsening of austenite grains after a long time 
coiling may also contribute to the drop in the measured strength. 
 
 
Figure 7.34 Comparison of the precipitation hardening using the maximum theoretical 
volume fraction and the change of yield strength for both steels coiled at 900°C. 
 
 
7.8 Conclusions  
This chapter discusses the effects of Mo on phase transformation, precipitation 
and clustering behaviours. Also, the correlation between SANS and APT and 
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the correlation of microstructure to mechanical properties are given. The 
following conclusions have been made: 
I) The influence of Mo lowered the bainite start temperature, but did not 
alter the growth rate. This is because the growth of bainite occurs in para-
equilibrium, and is controlled by the rate of carbon partitioning at the 
interface. No substitutional solutes partition during bainitic 
transformation. The addition of Mo was concluded to significantly delay 
bainite nucleation. 
II) The addition of Mo was found to suppress the ferritic transformation rate, 
and this was concluded to be due to solute drag.  
III) Mo addition was found completely inhibit the pearlite formation at the 
lowest cooling rate. This is because the addition of Mo slowed ferrite 
formation and this decreased the carbon concentration in the retained 
austenite. Consequently the austenite in the Nb-Mo steel formed bainite 
in preference to pearlite.  
IV) Both SANS and APT results show that the clusters and precipitates in 
the Nb-Mo steel had faster precipitation kinetics and smaller 
growth/coarsening rates during heat treatments at 650°C and 700°C.  
V) The chemistry of the Nb-NbN-Mo-MoN clusters/precipitates suggests 
that in the early stage more Mo atoms were incorporated into these 
features but at the growth/coarsening stage Mo atoms were rejected from 
the precipitates.  
VI) When coiled at 900°C, the particle size increased with time, and the 
addition of Mo decreased the average particle size. Additionally, the 
Mo/(Nb+Mo) ratio in the precipitates decreased with coiling time and 
particle size, which illustrates that the incorporation of Mo atoms in the 
early stage of precipitation was beneficial for nucleation, however, the 
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growth/coarsening rate of precipitation was slowed by the partitioning of 
Mo out of the precipitates.  
VII) A thermodynamic analysis has shown that the addition of Mo decreases 
the interfacial energy between precipitates and the matrix, which leads 
to a smaller critical nucleus size and critical nucleation energy. 
Additionally, Mo increases the nucleation rate, reduces relative 
precipitation start time and lowers the “nose temperature” of 
precipitation-temperature-time curves. Furthermore, the addition of Mo 
reduces the Ostwald ripening rate which can slow the coarsening of 
precipitates. 
VIII) A calculation of the predicted precipitate strengthening from both 
dislocation bowing and particle shearing has shown that in the present 
samples, shearing was the dominant mechanism of precipitation 
hardening for the lower ageing/coiling temperatures of 650°C and 700°C. 
For the samples coiled in the austenite at 900°C, the precipitates were 
larger, and dislocation bowing was found to be the dominant hardening 
mechanism. 
IX) The change in mechanical properties during ageing at 650°C was due to 
the combined effect of microstructure softening (static recovery) and the 
strengthening from clusters and precipitates. The Nb-Mo steel had a 
much stronger cluster hardening when aged for 100 s at 650°C compared 
to the Nb steel. This led to a marked increase in the entire strength of 
the Nb-Mo steel. The drop in strength after 10000 s ageing at 650°C for 
both alloys was due to the static recovery of the bainite. 
X) The nano-hardness results show that in both steels coiled at 700°C the 
nano-hardness of bainite increased with coiling time due to an increase in 
the carbon concentration. Meanwhile, the nano-hardness of ferrite showed 
an increase followed by a decrease, which is explained by the balance 
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between the increase in strength from precipitation and the loss of 
strength from carbon in solid solution. In addition, when coiled at 700°C, 
the Nb-Mo steel had a stronger cluster and precipitate hardening effect 
than the Nb steel.  
XI) A simple strengthening model was developed for the samples coiled at 
700°C. The predicted results was in a good agreement with the measured 
outcome. 
XII) According the Orowan by-passing mechanism, the Nb-Mo steel had a 
stronger precipitation hardening potential that the Nb steel when coiling 
at 900°C due to the smaller average particle size.  
XIII) The comparison between SANS and APT results shows that the volume 
fractions measured by APT are higher than that obtained by SANS. This 
is probably because the clusters and precipitates are partially magnetic. 
Overall though, the volume fractions predicted by APT and SANS were 
well matched across the sample set examined in this thesis. 
XIV) The comparison between SANS and APT results also shows that there 
are offsets of size distribution between SANS and APT. For the Nb-Mo 
steel aged for 100 s at 650°C the SANS showed a smaller cluster size than 
the APT. This could be due to the cluster-finding method which is 
strongly dependent on 𝑑𝑑𝑚𝑚𝑒𝑒𝑚𝑚, a selection of a larger 𝑑𝑑𝑚𝑚𝑒𝑒𝑚𝑚 will result in an 
overestimated cluster size. For the longer ageing/coiling time of 10000 s 
at 650ºC and 700°C, the SANS precipitate size was, on average, larger 
than that found by APT. This is probably because that the clusters and 
precipitates are partially magnetic and not perfectly spherical. Overall, 
the data from both techniques matched well when considering only the 
larger precipitates. 
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Chapter 8  Summary and Conclusions 
 
This thesis examines the effect of molybdenum on phase transformation, 
clustering and precipitation behaviour in a low-carbon low-niobium steel 
produced by simulated direct strip casting. The major findings are summarised 
below. 
 
8.1 Effect of Mo on microstructural evolution during 
simulated direct strip casting 
• The as-cast microstructure of the Nb and Nb-Mo steels were fully bainitic. 
No significant difference was observed between the two alloys in the as-
cast condition. 
• No major changes occurred in the microstructure of either steel after 
ageing at 650°C. 
• Polygonal ferrite was produced during coiling at 700°C, with bainite 
formed in the remainder of the microstructure. The volume fraction of 
polygonal ferrite in the Nb steel was consistently higher than that in the 
Nb-Mo steel, and this corresponded to the average size of polygonal ferrite 
in the Nb-Mo steel being smaller in the Nb steel.  
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• The microstructure of the Nb and Nb-Mo steels after coiling at 900°C 
were similar to the as-cast microstructure which was composed of bainite. 
However, a small amount of grain boundary ferrite was produced in the 
Nb steel after long coiling times, but not in the Nb-Mo steel. 
 
8.2 Effect of Mo on phase transformation during 
controlled cooling 
• The addition of Mo lowered the bainite start temperature, but did not 
alter the growth rate. This is because the growth of bainite occurred in 
paraequilibrium, and is controlled by the rate of carbon partitioning at 
the interface. No substitutional solutes partition during bainitic 
transformation. The addition of Mo was concluded to significantly delay 
bainite nucleation, but not inhibit growth. 
• The addition of Mo was found to suppress the ferritic transformation rate. 
• Mo addition was found to completely inhibit pearlite formation at the 
lowest cooling rate. This is because the addition of Mo slowed ferrite 
formation and this decreased the carbon concentration in the retained 
austenite. Consequently the austenite in the Nb-Mo steel formed bainite 
in preference to pearlite. 
 
8.3 Effect of Mo on clustering and precipitation 
behaviour 
• The as-cast steels were essentially precipitate-free with only a small 
number of clusters identified.  
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• Both SANS and APT results show that the clusters and precipitates in 
the Nb-Mo steel had faster precipitation kinetics and smaller growth/ 
coarsening rates during heat treatments at 650°C and 700°C. 
• After 100 s ageing at 650°C, Nb-NbN-Mo-MoN clusters of sizes > 20 
atoms, and Nb-NbN clusters having sizes between 9-30 atoms, dominated 
the clustering response in the Nb and Nb-Mo steels respectively. After 
10000 s ageing at 650°C, the average stoichiometries of the precipitates 
in the Nb and Nb-Mo steels were Nb(C0.3, N0.7) and (Nb0.9, Mo0.1)(C0.2, 
N0.8), respectively. There were Nb-Nb clusters having sizes between 3 to 
8 atoms in the Nb steel, while there were Mo-Mo and Nb-Mo clusters of 
size > 10 atoms, as well as relatively fewer NbN-Mo and Nb-NbN-Mo 
clusters, in the Nb-Mo steel. 
• The chemistry of the Nb-NbN-Mo-MoN clusters/precipitates suggests 
that in the early stage more Mo atoms were incorporated into these 
features but at the growth/coarsening stage Mo atoms diffused out from 
the precipitates.  
• After 100 s coiling at 700°C, there were no significant clusters in the Nb 
steel, while Mo-Mo clusters of size < 10 atoms were significant in the Nb-
Mo steel. After 10000 s coiling at 700°C, larger interphase precipitates 
and nano-scale clusters co-existed. The average stoichiometries of the 
precipitates in the Nb and Nb-Mo are Nb(C0.7, N0.3) and (Nb0.9, Mo0.1)(C0.4, 
N0.6), respectively. Additionally, Nb-Nb clusters (6-11 atoms) and Nb-
NbN clusters having sizes between 4 to 35 atoms were the significant 
clusters in the Nb steel coiled for 10000 s at 700°C, while Mo-Mo clusters 
(9 atoms) and Nb-NbN-Mo clusters of size > 11 atoms were significant in 
the Nb-Mo steel coiled for 10000 s at 700°C. 
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• When coiled at 900°C, particle size increased with time, but the addition 
of Mo decreased the average particle size. Additionally, the Mo/(Nb+Mo) 
ratio in the precipitates decreased with coiling time and particle size, 
which illustrates that the incorporation of Mo atoms in the early stage of 
precipitation was beneficial for nucleation, however, the 
growth/coarsening rate of precipitation was slowed by the partitioning of 
Mo out of the precipitates.  
• A thermodynamic analysis has shown that the addition of Mo decreases 
the interfacial energy between precipitates and the matrix, which leads to 
a smaller critical nucleus size and critical nucleation energy. Additionally, 
Mo increases the nucleation rate, reduces relative precipitation start time 
and lowers the “nose temperature” of precipitation-temperature-time 
curves. Furthermore, the addition of Mo reduces the Ostwald ripening 
rate which can slow the coarsening of precipitates. 
 
8.4 Effect of Mo on mechanical properties  
• In the as-cast condition, both alloys showed similar hardness values. This 
is consistent with both alloys having a fully bainitic microstructure in the 
as-cast condition. 
• The change in mechanical properties after ageing at 650°C was due to the 
combined effect of microstructure softening (static recovery) and the 
strengthening from clusters and precipitates. The Nb-Mo steel had  
greater cluster hardening when aged for 100 s at 650°C compared to the 
Nb steel. This led to a marked increase in the entire strength of the Nb-
Mo steel. The drop in strength after 10000 s ageing at 650°C for both 
alloys was due to the static recovery of the bainite. 
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• The nano-hardness results show that in both steels coiled at 700°C the 
nano-hardness of bainite increased with coiling time due to an increase in 
the carbon concentration. Meanwhile, the nano-hardness of ferrite showed 
an increase followed by a decrease, which is explained by the balance 
between the increase in strength from precipitation and the loss of 
strength from carbon in solid solution. In addition, when coiled at 700°C, 
the Nb-Mo steel had a stronger cluster and precipitate hardening effect 
than the Nb steel.  
• A simple strengthening model was developed for the samples coiled at 
700°C. The predicted results was in a good agreement with the measured 
outcome. 
• According to the Orowan by-passing mechanism, the Nb-Mo steel has a 
greater precipitation hardening potential that the Nb steel when coiling 
at 900°C due to the smaller average particle size.  
 
8.5 Concluding remarks  
From the results achieved in this thesis, it has been concluded that Mo has a 
negligible effect on the as-cast microstructure developed during direct strip 
casting. However, during ageing and coiling treatments of strip-cast steels, Mo 
was found to completely inhibit pearlite transformation, and to slow ferrite and 
bainite transformations. Additionally, Mo was shown to promote faster 
precipitation kinetics and to refine the precipitate size, resulting in a greater 
precipitation hardening effect. Thus, On the basis of understanding effects of Mo 
on phase transformation and precipitation behaviour in low-alloy steels produced 
by direct strip casting, the microstructure can be optimised by controlling the 
addition of Mo and heat treatment parameters, such as temperature and time, 
in order to achieve a better steel performance. Therefore, this thesis provides 
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beneficial understanding for the development of new high-strength low-alloy 
(HSLA) steels containing Mo, designed specifically for production by direct strip 
casting. 
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Appendix A  Dilatometry Results 
A.1 Dilatation Curves 
Figure A.1-2 show the dilation curves of the Nb and Nb-Mo steels at various 
cooling rates: 100, 50, 10, 1 and 0.1 K/s. 
 
 
Figure A.1 Dilation curves of the Nb steel cooled at various cooling rates. 
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Figure A.2 Dilation curves of the Nb-Mo steel cooled at various cooling rates. 
 
The percentage of phases produced under various cooling rates and 
corresponding transformation temperatures were quantitatively measured 
from the optical microscopy images, as detailed in Table. A.1. When cooling 
at 100, 50 and 10 K/s, bainite was formed in the two steels. In the case of 
the Nb steel, cooling rate of 1 K/s develops nearly 69% of polygonal ferrite 
and 31% of bainite. An increase (to 93%) in the fraction of polygonal ferrite 
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occurs when cooling rate becomes 0.1K/s, with 7% of lamellar pearlite are 
formed. In the case of the steel with addition of Mo, there are fewer polygonal 
ferrite (9%) produced under the cooling rate of 1 K/s as compared to the Nb 
steel. Also, less polygonal ferrite (75%) are formed in the Nb-Mo steel when 
cooling rate slows to 0.1 K/s, compared to the Nb steel. Notably, in the Nb-
Mo steel, no austenite-pearlite reaction occurs under the cooling rate of 0.1 
K/s. Starting and finishing temperatures of phase transformation are 
determined by the dilation-temperature plots, which are detailed in Fig. A.1-
2 by the method given in the Chapter 3.  
 
Table A.1 Measured phase fractions in dilatometer samples with various cooling rates 
for the two steels and transformation temperatures. (Note: BF, BS, FS, FF, Ps and PF are 
short of bainite starting and finishing temperatures, ferrite starting and finishing 
temperatures, pearlite starting and finishing temperatures, respectively.) 
Cooling 
rates 
Measured Phase Fractions (%) 
Bainite Polygonal ferrite Pearlite 
Nb Nb-Mo Nb Nb-Mo Nb Nb-Mo 
100 K/s 
100 0 0 50 K/s 
10 K/s 
1 K/s 31 88 69 9 0 
0.1 K/s 0 25 93 75 0 7 
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Cooling 
rates 
Transformation Temperatures (°C) 
Bs (BF) Fs (FF) Ps (PF) 
Nb Nb-Mo Nb Nb-Mo Nb Nb-Mo 
100 K/s 600(459) 488(370)     
50 K/s 649(483) 590(385)     
10 K/s 681(528) 638(481)     
1 K/s 684(611) 620(509) 750(684) 725(620)   
0.1 K/s  605(350) 788(733) 788(605) 733(672)  
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Appendix B  Mass Spectra 
B.1 As-cast 
Figure B.1-2 show the APT mass spectra of the Nb and Nb-Mo as-cast steels. 
 
Figure B.1 APT mass spectrum for the Nb as-cast steel. 
 
Figure B.2 APT mass spectrum for the Nb-Mo as-cast steel. 
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B.2 Ageing at 650°C 
Figure B.3-4 show the APT mass spectra of the Nb and Nb-Mo steels aged for 
100 s  at 650°C. 
 
Figure B.3 APT mass spectrum for the Nb steel aged for 100 s at 650°C. 
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Figure B.1 APT mass spectrum for the Nb-Mo steel aged for 100 s at 650°C. 
 
Figure B.5-6 show the APT mass spectra of the Nb and Nb-Mo steels aged for 
10000 s at 650°C. 
 
 
Figure B.5 APT mass spectrum for the Nb steel aged for 10000 s at 650°C. 
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Figure B.6 APT mass spectrum for the Nb-Mo steel aged for 10000 s at 650°C. 
 
B.3 Coiling at 700°C 
Figure B.7-8 show the APT mass spectra of the Nb and Nb-Mo steels coiled for 
100 s at 700°C. 
 
Figure B.7 APT mass spectrum for the Nb steel coiled for 100 s at 700°C. 
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Figure B.8 APT mass spectrum for the Nb-Mo steel coiled for 100 s at 700°C. 
 
Figure B.9-10 show the APT mass spectra of the Nb and Nb-Mo steels coiled 
for 10000 s at 700°C 
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Figure B.9 APT mass spectrum for the Nb steel coiled for 10000 s at 700°C. 
 
Figure B.10 APT mass spectrum for the Nb-Mo steel coiled for 10000 s at 700°C. 
 
 
 
 
 
 
 
 
